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Preface

It is with great pleasure and enthusiasm that we present the preface for this comprehensive

scientific work, “Advanced Science and Technology of Polymer Matrix Nanomaterials”. This remarkable

reprint encompasses a wide range of subjects within the field of polymer science, focusing specifically

on the fascinating realm of nanomaterials.

The subject matter covered in this reprint delves into the intricacies of polymer matrix

nanomaterials, exploring their synthesis, characterization, properties, and applications. It provides

a comprehensive overview of cutting-edge research and technological advancements in this rapidly

evolving field.

The aims and purposes of this scientific work are manifold. Firstly, it aims to provide a

comprehensive and up-to-date resource for researchers, academicians, and industrial practitioners

who are actively engaged in the study and development of polymer matrix nanomaterials. By offering

a diverse collection of chapters authored by leading experts, this book seeks to contribute to the

bridging of knowledge gaps and the fostering of collaboration within the field.

Furthermore, this book strives to enhance our understanding of the underlying principles

governing the behavior and performance of polymer matrix nanomaterials. By exploring the

unique properties and potential applications of these materials, it aims to inspire further innovation

and advancements in various industrial sectors, including electronics, energy, healthcare, and

environmental sustainability.

In composing this scientific work, our primary motivation was to consolidate the wealth

of research and expertise available in the field of polymer matrix nanomaterials. By

meticulously selecting and organizing contributions from renowned researchers, we aimed to

create a comprehensive reference that integrates both fundamental concepts and state-of-the-art

advancements.

We extend our gratitude and heartfelt acknowledgment to all the contributors who have

generously shared their valuable insights and expertise. Their dedication and collaborative spirit

have been instrumental in the realization of this remarkable publication.

Finally, it is our sincere hope that this reprint will serve as an invaluable resource for scientists,

engineers, students, and professionals alike. We believe that its comprehensive coverage, detailed

analyses, and meticulous presentation will facilitate further exploration, debate, and progress in the

exciting field of polymer matrix nanomaterials.

Once again, we express our deepest appreciation to all those who have contributed to this

reprint, and we humbly present it to the esteemed readers with the utmost enthusiasm and optimism.

Peijiang Liu and Liguo Xu

Editors
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1. Introduction

The advanced science and technology of polymer matrix nanomaterials are rapidly
developing fields that focus on the synthesis, characterization, and application of nano-
materials in polymer matrices [1–5]. Combined together as an interdisciplinary area, they
integrate principles from materials science, chemistry, physics, and engineering to create
novel materials with enhanced properties.

In recent years, researchers have achieved significant advancements in the design and
fabrication of polymer matrix nanocomposites. These materials consist of polymer matrices
that are reinforced or modified with nanoscale fillers such as nanoparticles, nanofibers,
and nanotubes [6]. The incorporation of these nanofillers into the polymer matrix leads to
improved mechanical, electrical, thermal, and optical properties.

A key challenge in this field is achieving uniform dispersion and strong interfacial
interactions between the polymer matrix and the nanofillers. Various techniques, including
melt mixing, solution blending, templated synthesis, and in situ polymerization, have
been employed to overcome this challenge [7–12]. These techniques enable precise control
over the distribution of nanofillers within the polymer matrix, resulting in materials with
tailored properties.

Polymer matrix nanomaterials find applications in a wide range of industries, includ-
ing aerospace, electronics, energy, automotive, and biomedical [13–19]. For example, in
the biomedical field, polymer matrix nanomaterials can be used for drug delivery systems,
tissue engineering scaffolds, and biosensors [20]. In aerospace applications, nanocompos-
ites offer lightweight and high-strength alternatives to conventional materials, leading to
improved fuel efficiency and reduced emissions [21].

Furthermore, advances in characterization techniques such as transmission electron
microscopy (TEM), X-ray diffraction (XRD), atomic force microscopy (AFM), and thermal
analysis methods have allowed researchers to study the structure–property relationships of
polymer matrix nanomaterials on the nanoscale [22–24]. These techniques provide valuable
insights into the orientation, dispersion, and interfacial interactions of nanofillers within
the polymer matrix.

In summary, the advanced science and technology of polymer matrix nanomaterials
are rapidly evolving fields that offer exciting prospects for the development of innovative
materials with enhanced properties. The precise control of nanofiller dispersion within
polymer matrices, along with the use of advanced characterization techniques, enables
researchers to tailor the properties of these materials for various applications [25,26].
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In dealing with these challenging aspects of polymer matrix nanomaterials, the goal
of the present Special Issue is to introduce the current knowledge on the designs, synthesis
processes, characterizations, properties, and applications of polymer matrix nanomaterials.

2. Contributions

Kim et al. [27] prepared polypropylene composites filled with randomly dispersed
graphene nanoplatelets (GNPs) and a segregated GNP network. Theoretical and exper-
imental investigations were conducted to explore the enhancements in the thermal and
electrical conductivities of the composites achieved through the selective localization of
GNP fillers using a segregated structure and the formation of a conductive network.

Zhu et al. [28] successfully synthesized a series of molecular wires based on [2.2]paracy-
clophane-1,9-dienes and then elucidated the influence of transannular π–π interaction on
carrier transport in these wires using the STM break junction technique. Both the current–
voltage characteristics and single-molecule conductance could be systematically adjusted
through the transannular π–π interaction.

Most of the current research on agitator design primarily focuses on enhancing solid–
liquid mixing efficiency and homogeneity, while neglecting the stability of the liquid level.
He et al. [29] utilized computational fluid dynamics modeling to compare the performance
of two types of rotor–stator agitators in solid–liquid mixing operations. The evaluation
included aspects such as power consumption, homogeneity, and liquid-level stability. The
results indicated that the cross structure rotor–stator agitator achieved a significantly lower
standard deviation of particle concentration σ of 0.15 compared to the A200 agitators, with
a 42% reduction.

Yeh et al. [30] studied the impact of hydrophilic and hydrophobic mesoporous sil-
ica particles (MSPs) on the dielectric properties of composite membranes derived from
polyester imide (PEI). The study revealed a clear trend in the dielectric constant of the
membranes: PEI containing hydrophilic MSPs > PEI > PEI containing hydrophobic MSPs.

Yin et al. [31] conducted a numerical investigation on the displacement of immiscible
fluid in porous media using the lattice Boltzmann method. The results demonstrated that
the wetting gradient can control the displacement pattern and efficiency. By introducing
a wetting gradient in porous media, the stability of the flow front can be enhanced. This
finding was confirmed across a wide range of parameters, including different wetting
gradients, capillary numbers, viscosity ratios, and porosities.

Arputharaj et al. [32] provided a comprehensive review of biopolymeric nanoparti-
cles developed for biomedical applications, such as drug delivery, imaging, and tissue
engineering. The authors also discussed important fabrication techniques, along with
the challenges and future perspectives in this field. It is crucial to address the interaction
between nanoparticles and the immune system, as well as their elimination from the human
body, in future studies.

Pozdnyakov et al. [33] conducted an analysis of the structural characteristics and
direct current (DC) electrical conductivity of organic–inorganic nanocomposites composed
of thermoelectric Te0 nanoparticles and poly(1-vinyl-1,2,4-triazole). The findings revealed
that the DC electrical conductivity of nanocomposites containing 2.8 and 4.3 wt% Tellurium
at 80 ◦C exceeded the conventional boundary of 10−10 S/cm, separating dielectrics and
semiconductors.

Bekeschus et al. [34] generated unilamellar vesicles using 1-palmitoyl-2-oleoyl-glycero-
3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS).
These vesicles were then incubated with pristine, carboxylated, or aminated polystyrene
spheres to form lipid coronas around the particles. This study, for the first time, demon-
strated the influence of different lipid types on differently charged micro- and nanoplastic
particles and the resulting biological implications.

Acierno et al. [35] conducted a study to examine the impact of different types of
nanoparticles on the UV weathering resistance of polyurethane (PU) treatment in polyester-
based fabrics. The findings revealed that incorporating nanoparticles into impregnated
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fabrics did not significantly hinder polymer degradation following UV exposure. How-
ever, the nanoparticles appeared to enhance the reinforcement of PU polymers within
the textile structure, thereby improving the overall mechanical strength, particularly after
UV exposure.

Xie et al. [36] employed a simple solvent-handling method to fabricate silylated
GO/FeSiAl epoxy composites. They subsequently explored the microwave absorption
properties and thermal conductivity. Remarkably, it was observed that these composites
achieved a reflection loss of up to −48.28 dB and an effective range of 3.6 GHz when
operating at frequencies between 2.575 and 2.645 GHz, with a modest thickness of just
2 mm. These results underscored the high absorption performance of the composites,
making them suitable for packaging 5G base stations.

The Guest Editors would like to extend their congratulations to all of the authors
whose remarkable results have been published in this Special Issue. The papers presented
here are expected to greatly contribute to the research community’s understanding of
the current status and trends in the advanced science and technology of polymer matrix
nanomaterials. Moreover, the Guest Editors cordially invite all scientists working in this
field to submit innovative articles for consideration in the second edition of the Special Issue
on “Advanced Science and Technology of Polymer Matrix Nanomaterials (2nd Edition)”.

Author Contributions: The manuscript was written through the contributions of all of the authors.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the 2022 Special Fund of Institute (22Z03), Featured
Innovation Projects of General Colleges and Universities in Guangdong Province (2022KTSCX361),
and Natural Science Foundation of Guangdong Province (no. 2022A1515110867).
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Abstract: Biopolymers are polymers obtained from either renewable or non-renewable sources
and are the most suitable candidate for tailor-made nanoparticles owing to their biocompatibility,
biodegradability, low toxicity and immunogenicity. Biopolymeric nanoparticles (BPn) can be classified
as natural (polysaccharide and protein based) and synthetic on the basis of their origin. They have
been gaining wide interest in biomedical applications such as tissue engineering, drug delivery,
imaging and cancer therapy. BPn can be synthesized by various fabrication strategies such as
emulsification, ionic gelation, nanoprecipitation, electrospray drying and so on. The main aim of
the review is to understand the use of nanoparticles obtained from biodegradable biopolymers for
various biomedical applications. There are very few reviews highlighting biopolymeric nanoparticles
employed for medical applications; this review is an attempt to explore the possibilities of using
these materials for various biomedical applications. This review highlights protein based (albumin,
gelatin, collagen, silk fibroin); polysaccharide based (chitosan, starch, alginate, dextran) and synthetic
(Poly lactic acid, Poly vinyl alcohol, Poly caprolactone) BPn that has recently been used in many
applications. The fabrication strategies of different BPn are also being highlighted. The future
perspective and the challenges faced in employing biopolymeric nanoparticles are also reviewed.

Keywords: biopolymers; biopolymeric nanoparticles; biomedical; tissue engineering; drug delivery

1. Introduction

Nanotechnology is the study that involves designing or fabricating materials and
devices with at least one dimension of one billionth of a meter [1]. Multiple researchers
have proved the advantages of the nano-dimension over the micrometer scale owing to
the enhanced individual molecule interaction compared to the bulk [2]. Nanoparticles
are zero-dimensional nanomaterials (0D) with a size range from 10 to 1000 nm. They are
employed in many biomedical applications such as drug delivery [3], tissue engineering [4],
biosensors [5], gene delivery [6], cell imaging and labeling [7,8] because of their enhanced
surface-to-volume ratio and magnetic properties [9]. Nanoparticles have created an impor-
tant role in the advancement of therapeutic applications since they exist in the same size
range as that of proteins, and their small size and large surface help in the exposure of sur-
face functional groups that can be tailored according to the requirement [10]. Nanoparticles
obtained from biological sources are highly preferred because of their improved quality
and stability compared to metal-based nanoparticles, where most are toxic to the human
system [11]. Thus, nanoparticles can be obtained from biopolymers as a solution to the
disadvantages posed by the counter-sources [2].

Biopolymers are the polymers obtained from living organisms such as plants, animals or
microbes; they also include synthetic polymers obtained from renewable feedstock, bio-based
monomers and also fossil fuels. Biopolymers can be classified into polysaccharides, polypep-
tides and polynucleotides based on the monomeric unit of the polymer, and are available in

5



Materials 2023, 16, 2364

abundance and used extensively in the biomedical field, such as for wound healing drug/gene
delivery, tissue engineering and cell imaging [12]. BPn appears to offer a solution to ameliorate
the environmental effects and issues in biocompatibility and biodegradability caused by syn-
thetic materials. The most important parameters that have a crucial impact on the fabrication
of BPn are the surface charge, size, stability, compatibility with the cells and degradation [13].
Albumin was the first fabricated BPn [2]. Though polymeric nanoparticles have an issue of
scaling-up and their capacity of drug loading is also comparatively low, researchers have
widely employed them and tried ways to combat the disadvantages [10]. They have favor-
able properties such as biocompatibility, good anti-oxidant and anti-bacterial properties, and
tailorable surface features [11]. BPn acquired from proteins and polysaccharides are superior
when compared to synthetic materials, as the former can be easily metabolized naturally
by the enzymes present in the digestive system, whereas the latter accumulates and leads
to the formation of toxic by-products. Protein-based BPn can be surface modified, which
can facilitate site-directed drug targeting [14,15]. One of the main limitations in employing
biopolymeric nanoparticles from proteins or nucleic acids is that they are hydrophilic, whereas
the polymers are mostly hydrophobic in nature and thus cause difficulties in drug encapsula-
tion and degradation. Therefore, the preparation of biopolymeric nanoparticles is extremely
critical [2]. Biodegradation of natural polymers occurs through biological processes, including
enzymes such as collagenase in vivo and also via non-biological processes such as hydrolysis.
It has been reported that the majority of natural polymers degrade with the help of enzymes.
Polysaccharide-based biopolymers are degraded enzymatically within the human system with
the help of enzymes such as lysozymes and amylases. Biodegradable synthetic biopolymeric
nanoparticles degrade by hydrolysis of esters or urea linkages. It is also reported that polymers
with polar groups degrade faster when compared to those with non-polar groups [16]. Table 1
shows a summary of the advantages and disadvantages of different sources of biopolymeric
nanoparticles. Surface modification of the BPn is carried out to fine-tune the properties of
the fabricated nanoparticles employed for biomedical applications. Some of the strategies
employed include physical immobilization; modifications using chemicals such as grafting
with amino, acrylate or acetyl group; and grafting induced by radiation such as ultrasonic
waves. This type of modification enables improvement of the stability and the activity of
the BPn and also aids in preventing aggregation, protecting them from any alteration [17].
BPn can be fabricated by employing different methods such as coacervation, desolvation and
electro-spray techniques without employing the use of harsh organic solvents [13]. Figure 1
shows the schematic representation of biopolymeric nanoparticles employed for various
applications. This review highlights the various biopolymeric nanoparticles employed for
biomedical applications such as tissue engineering, drug delivery and images, and the various
fabrication strategies are also discussed. The current status and the challenges in employing
them are also highlighted.

Table 1. Summary of advantages and disadvantages of various biopolymeric nanoparticles.

Polymer Advantages Disadvantages Reference

Albumin Highly abundant, biodegradable,
biocompatible, non-cytotoxic.

Immunogenic effects, very
expensive, lack of efficacy. [18,19]

Gelatin

Enhanced cell adhesion,
proliferation and cell infiltration
in the scaffolds, good stability
and biodegradability,
osteoconductive,
non-immunogenic

Low stability in normal
physiological conditions,
poor bioactivity, brittle,
fast degradation rate under
physiological conditions

[16,20]

Silk fibroin

Biocompatible, osteoconductive,
improves cell migration and
angiogenesis, good elastic
properties, moderate
degradation rate.

Low mechanical strength,
degradation of silk
releases by-products that can cause
immunogenic reactions, inability to
induce osteogenesis.

[16,20,21]
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Table 1. Cont.

Polymer Advantages Disadvantages Reference

Collagen

Low immunogenicity, enhanced
permeability properties, excellent
cell adhesion, proliferation and
differentiation properties,
biodegradable, biocompatible.

Low mechanical strength, low
structure stability, variability in
different collagen sources.

[16,20,22]

Chitosan

Mucoadhesive nature, enhanced
biocompatibility, osteoconductive,
non-toxic, promotes cell adhesion,
hemostatic potential,
biodegradable, anti-bacterial activity.

In vivo degradation rate is very
high, low mechanical strength,
cross-linkers are required to
maintain stability, solubility is less and viscosity is
high at neutral pH,
control of nanoparticle size is difficult.

[16,20,23]

Alginate

Biocompatible, biodegradable, cell
compatible, gel-forming capability,
low immunogenicity,
mimics the extracellular matrix, low
cost, ability of encapsulation.

Low mechanical properties,
degradation is questionable
sometimes, poor cell adhesion,
sterilization is difficult.

[16,20,24]

Starch
Biodegradable, low cost,
biocompatible, easily available,
good cell adhesion.

Very high viscosity, low
Mechanical properties, fragile, stability issues,
water uptake is very high,
modifying chemically can release
toxic by-products.

[16,25]

Dextran
Biocompatible, anti-thrombotic
property, good water solubility,
functionalization can be carried out easily.

High cost, non-availability, very
high permeability, encapsulated
drugs are released very fast.

[26,27]

Poly-
caprolactone

Compatible with cells, non-toxic,
cell proliferation and angiogenesis can be
controlled, good mechanical properties,
improved cellular proliferation.

Bioactivity is less, poor cellular
adhesion due to hydrophobic
surface, use of toxic solvents.

[16]

Polyvinyl
alcohol

Biocompatible, good elastic nature,
water-soluble polymer, good tensile strength,
improved flexibility, stability to various
temperatures, low cost.

Lacks cell adhesion property, in
growth of bone cells is significantly less,
very high water uptake.

[16,28,29]

Polylactic
acid

Biocompatible, cell compatible,
degradation rate is good, by-products are
non-toxic, properties can be easily tailored,
eco-friendly.

Lack of cell adhesion and
proliferation property,
expensive, brittle (elongation
at break is less than 10%),
chemically inert.

[16,30]
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2. Protein Based Biopolymeric Nanoparticles

Proteins are basically made of amino acids linked via peptide bonds, and their structure
is stabilized by means of hydrophobic interactions and hydrogen and disulphide bonds [31].
These naturally derived polymers are highly preferred because of their excellent biocom-
patibility and good degradation characteristics. There are no harmful by-products since the
degradation process is completely natural [32]; thus, the nanoparticles derived from the
protein-based biopolymers are less toxic and easy to fabricate. The surface can also be easily
tuned with respect to specific drug delivery applications [33]. A few other advantages of
employing protein-derived biopolymeric nanoparticles for biomedical applications are that
the fabrication is comparatively easier, and it has been reported to be more stable in vivo.
The size distribution can be easily controlled and the process can be scaled up [2]. The
defined primary structure in protein helps in the easy attachment of various drugs that
play a key role in therapeutic applications [13]. The secondary structure of the protein
determines the size of the proteins and also helps to fabricate nanoparticles precisely [10].
Some examples of nanoparticle-derived protein biopolymers employed for biomedical
applications include silk fibroin, albumin, gelatin and collagen, which will be discussed in
the following subsection.

2.1. Albumin

Albumin belongs to the family of globular proteins and acts as a carrier protein for
endogenous or exogenous compounds. It is widely employed for treating a variety of
diseases—especially cancer [34]. Researchers have tested the potential of albumin in various
products and clinical trials. Albumin can be easily obtained from plants, animals and human
beings. Ovalbumin, bovine serum albumin (BSA) and human serum albumin (HSA) are the
three commonly used albumins for biomedical applications [35]. The main advantages of
employing albumin are that it has good compatibility with human cells, it does not induce
toxicity, and at the same time is also biodegradable and does not cause any adverse immune
reactions. Thus, albumin is a very good candidate for fabricating nanoparticles. Various
proteins that are expressed in a higher range in the tumor cells, such as secreted proteins
acidic and rich in cysteine (SPARC), easily and very effectively bind to albumin [18]. A study
has been performed where albumin nanoparticles were employed for the simultaneous
delivery of two drugs, ibrutinib (IBR) and hydroxychloroquine (HCQ), for the treatment
of glioma. Drug-loaded human serum albumin (HSA) nanoparticles were prepared by
ultrasonication method. HCQ, as an inhibitor, blocks autophagosome degradation. IBR
has a major role in glioma treatment by suppressing the malignant tumor growth but
faces disadvantages such as poor bioavailability and drug exposure in the brain cells were
found to be very limited. To overcome this, drug delivery using albumin nanoparticles
was facilitated. The mean size of the drug-loaded HAS nanoparticles was found to be
160.1 ± 0.7 nm. The encapsulation efficiency (%) and the drug loading capacity (%) were
found to be 97.2 ± 1.8 and 3.96 ± 0.06, respectively. The biodistribution analysis showed
that the presence of HAS nanoparticles resulted in an increased accumulation (5.59 times
higher than free drug) of IBR drug in the tumor. The fabricated drug-loaded nanoparticles
showed high cytotoxicity against C6-luc cells in CCK-8 assay and apoptosis assay. In vivo
analysis in mice showed that IBR-HCQ-HAS nanoparticles stayed for a prolonged time
when compared to IBR-HAS nanoparticles. Thus, these results were found to be very
promising for the treatment of glioma [36]. In another reported study, abaloparatide (ANPs)
was encapsulated in bovine serum albumin nanoparticles by desolvation process, stabilized
in chitosan by the self-assembly process, and then made into a nanofiber scaffold for bone
tissue engineering applications. Electrospinning was carried out to fabricate polymeric
nanofibers from a mixture of polycaprolactone (PCL), n-hydroxyapatite (n-HAp), aspirin
(ASA) and abaloparatide. The schematic illustration of the synthesis of abaloparatide
encapsulated in bovine serum albumin nanoparticles and the fabrication of electro spun
nanofibers loaded with two drugs is depicted in Figure 2.
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Figure 2. Schematic illustration of (A). Synthesis of chitosan stabilized BSA nanoparticle by desolva-
tion approach; (B). Fabrication of PCL-based electro-spun nanofiber loaded with nano-hydroxyapatite,
abaloparatide loaded BSA nanoparticle and aspirin. (Reproduced with permission from [37]; Copy-
right 2022, Elsevier).

The size range of the chitosan–abaloparatide nanoparticles was found to be 289 ± 34 nm.
The scanning electron microscopy (SEM) images of the nanofiber matrix showed that they
have irregular pore structures for the diffusion of oxygen and nutrients. In vitro release
studies have shown that drug release was fast in the nanofibers with two drugs when
compared to the one with a single drug. The ANPs/ASA/PCL/HA nanofiber scaffold
showed that the release of the drug was slow because of the hydrophilicity and degradation
characteristics. Cell adhesion was studied with the help of MC3T3-E1 and the morphology
was observed by SEM, as reported in Figure 3.
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Figure 3. SEM images of MC3T3-E1 adhered on the nanofibrous scaffold after 2 days. (A) PCL/HA;
(B) ASA/PCL/HA; (C) BSANps/PCL/HA; (D) ANPs/PCL/HA; (E) ANPs/ASA/PCL/HA The
arrows indicate lamellipodia and cell outlines. (Reproduced with permission from [37]; Copyright
2022, Elsevier).

From Figure 3, we understand that the cells have properly spread on the nanofi-
brous scaffold and show fusiform morphology. Thus, the results of the dual drug-loaded
nanofibers with chitosan-stabilized bovine serum albumin nanoparticles show excellent
physical and chemical properties, good degradation rate, enhanced cell compatibility
and osteogenic activity [37]. A study reported by Thangavel et al. used indocyanine
green–paclitaxel encapsulated in human serum albumin nanoparticles that were function-
alized with hyaluronic acid, as a ligand for drug delivery with image guiding capability
directed to CD44 non-small cell lung cancer (NSCLC). The drug release analysis showed
that paclitaxel was released more efficiently at pH 6.6 due to the acidic nature of the tumor
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micro-environment. Only 30% of the drug was released at pH 7.2 (blood circulation) af-
ter 46 h. The paclitaxel nanoparticles showed good anticancer activity against A549 and
H299 cell lines; thus, image guided drug delivery was found to be very efficient without
compromising the anticancer treatment efficiency [38]. Khella et al. studied the anti-tumor
activity of MCF-7 and Caco-2 cell lines using carnosic acid encapsulated in bovine serum
albumin nanoparticles. The results of the experiment showed excellent drug loading ability
and the best release profile. Enhanced anti-tumor activity was found in both the cell lines;
apoptosis results showed that the MCF-7 and Caco-2 cells were arrested at the G2/M phase
(10.84% and 4.73%, respectively) [39]. One of the studies demonstrated the use of dex-
amethasone encapsulated in bovine serum albumin nanoparticles for enhanced anti-
inflammatory activity in rats; a bimodal release of the drug and a significant anti-inflam-
matory activity was reported [40].

2.2. Gelatin

Gelatin is a natural biopolymer derived from animal collagen with favorable properties
such as low cost, biocompatibility and biodegradability, that is derived from the hydrolysis
of animal collagen [41,42]. Gelatin-based nanoparticles (GNPs) are very promising for a
variety of biomedical applications such as tissue engineering and drug delivery because
of their properties, such as easy availability, offering great stability and long-time storage
in vivo [14]. GNPs have also been widely employed for treating brain disorders since
they can cross the blood–brain barrier, and various properties such as mechanical proper-
ties, thermal and swelling behavior changes with respect to the amphoteric properties of
gelatin [41]. Different cross linkers can be added to modify the physiochemical properties
of gelatin nanoparticles [31]. A study reported the use of gelatin nanoparticles conjugated
with polyethylene glycol for the simultaneous delivery of two drugs, doxorubicin and
betanin, for cancer treatment. The particle size of the nanoparticles was found to be 162 nm.
The encapsulation efficiency and the loading capacity was 82% and 20.5%, respectively.
High cell cytotoxicity was observed after 48 h against the MCF-7 cancer cell line when two
drugs were given rather than the individual drug, as depicted in Figure 4.
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of drugs encapsulated in gelatin nanoparticles. (DOX—doxorubicin; BET—betanin). (Reproduced
with permission from [43]; Copyright 2019, Elsevier).

Cellular uptake results, as shown in Figure 5, revealed that high cellular uptake was
witnessed with the nanoparticle-encapsulated drugs rather than the free form of the drug,
proving that the nanoparticles have the ability to escape the endocytosis process.

The combination of the drugs encapsulated in gelatin nanoparticles showed excellent
apoptotic activity. Thus, the multi-drug nanocarriers facilitate a new horizon to develop an
enhanced treatment strategy for cancer [43]. A study reported by Yang et al. fabricated zole-
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dronic acid (ZOL)-encapsulated gelatin nanoparticles integrated into a titanium scaffold for
treating osteoporosis-based defects. The in vitro results showed enhanced osteoblast differ-
entiation when ZOL concentration was 50 µmol L−1. The in vivo studies in osteoporotic
rabbits showed improved bone growth and osteogenesis [44]. One study reported the use
of gold nanoparticles conjugated with gelatin nanoparticles for the purpose of bioimaging
as well as a drug delivery system. The size of the nanoparticles was found to be 218 nm and
showed no toxicity up to 600 µg mL−1. The imaging of the nanoparticles in the skin tissue
was carried out by using confocal laser scanning microscopy (CLSM), achieving a depth
profile of 760 µm [45]. Gelatin nanoparticles were enteric coated to encapsulate 5-amino
salicylic acid for oral drug delivery for the treatment of ulcerative colitis in one study. The
nanoparticles’ size ranged from 225 to 250 nm and were found to be spherical in nature.
The administration of nanoparticles reduced mast cell infiltration and also maintained
the colon tissue architecture. A significant reduction in the inflammatory markers such
as TNFα, COX-2, IL1-β and nitrate levels was observed. The encapsulated drug showed
enhanced therapeutic efficiency when compared to the free drug [46].
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2.3. Silk Fibroin

Silk fibroin is a natural biopolymer obtained from the cocoons of Bombyx mori made of
5507 amino acid residues. The most important features that make silk fibroin an outstanding
material for biomedical applications are its good biocompatibility with humans, very high
mechanical strength and favorable biodegradable properties. It also helps to promote cell
adhesion and proliferation. They can be used in various forms, such as films, hydrogels,
fibers, spheres, mats, sponges and scaffolds, and are widely used in many applications
such as wound healing; cancer therapy; drug delivery; and bone, skin and cartilage
regeneration [47–49]. The controlled degradation rate and excellent biocompatibility of
silk fibroin make it an excellent candidate for making nanoparticles [50]. In the nanoscale,
silk fibroin shows improved physiochemical, mechanical and biological properties [51]. In
one reported study, curcumin was encapsulated in silk fibroin nanoparticles for treating
cancer; the therapeutic efficiency of the drug was enhanced by loading in a nanocarrier.
The size of the nanoparticles ranged from 155 to 170 nm. The in vitro cytotoxicity assays
revealed that the nanoparticles greatly reduced the viability of carcinogenic cells, and high
cytotoxicity was seen more in neuroblastoma cells than hepatocarcinoma cells. The drug
curcumin was found to be fluorescent when it was loaded into silk fibroin nanoparticles
and not in the free state. The drug-loaded nanoparticles showed excellent anti-tumor
and anti-oxidant activity [52]. Shen et al. developed a scaffold made of sodium alginate
and silk fibroin loaded with silk fibroin nanoparticles for improving hemostasis and cell
adhesion. The nanoparticles were obtained by the self-assembly process. The addition of
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nanoparticles to the scaffold system improved the compression strength, and reduced the
degrading rate. The nanoparticles were found to be spherical and uniform in size. The
cell adhesion and cell proliferation of L929 cells and HUVECs were studied by using a
Live/Dead assay kit (Figure 6). It was found that at the end of 5 days, the cells showed
proper adhesion, spreading, migration and proliferation. A greater number of cells were
grown on the composite scaffold with silk fibroin nanoparticles (NP) when compared to
the one without them (PM).
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Another study reported the use of simvastatin loaded into silk fibroin nanoparticles
for the purpose of bone regeneration. The nanoparticles were found in the size range of
174 ± 4 nm and were spherical in morphology. A sustained drug release profile was seen for
about 35 days. The in vitro cell studies revealed that the nanoparticles improved cell adhesion
and proliferation, and also showed good alkaline phosphatase activity [54]. Rahmani et al.
investigated the use of silk fibroin nanoparticles for the delivery of 5-fluoro uracil for the
treatment of cancer. The size of the nanoparticles was found to be 286.7 nm and the loading
efficiency was 52.32%. High loading efficiency and slow release of the drug were observed [55].
Doxorubicin and PX478 were co-loaded into silk fibroin nanoparticles that were functionalized
with folic acid for the purpose of treating multi-drug-resistant tumors. The cellular uptake was
increased and this nanoparticle combination significantly downregulated multiple genes to
overcome multi-drug resistance. The lysosomal escape was achieved quickly, and doxorubicin
could quickly enter the cells and kill the drug-resistant cells [56].

2.4. Collagen

Collagen is a structural biopolymer that is found abundant in the human body. It
is the major part of the extracellular matrix and is found in tendons, ligaments, cartilage
and skin [57,58]. Collagen has been widely employed in biomedical applications due to
its properties such as biocompatibility, biodegradability, favorable gelling and surface
behavior [59,60]. Nano collagen has an outstanding potential when compared to three-
dimensional collagens in helping to withstand heavy loads with minimum tension due to
the high surface-to-volume ratio [61]. The nanocollagen has notable properties, such as high
contact area, reduced toxicity, easily sterilizable, increased retention of cells, and decreased
effects of toxicity from the by-products as a result of degradation. They can be found in
various forms, such as sheets, films, sponges, fibers, pellets, disks and nanoparticles [62,63].
One study reported the use of collagen nanoparticles from marine sponges fabricated by
the process of alkaline hydrolysis. Estradiol–hemihydrate was loaded into the nanoparticle
and the drug loading was found to be 13.1%. Prolonged drug release and improved drug
absorption by the cells were observed. Thus, the presence of collagen nanoparticles facilitates
exciting ways of drug delivery [64]. Appropriate cross-linking strategies have to be chosen
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to tailor the properties of collagen according to the intended application. The stability and
degradation characteristics can be altered when the surface features are altered [31].

2.5. Elastin

Elastin is a natural biopolymer found in elastic fibers, especially in the extracellular
matrix of skin, lungs, heart and blood vessels [65]. One of the main properties of elastin
is that it can retain its original shape and insolubility even after stretching [66]. They
are not always biocompatible and are very much difficult to alter. Thus, soluble elastin-
like peptides are fabricated for a wide variety of biomedical applications [67]. Elastin
nanoparticles have been employed as a nanocarrier for delivery drugs and genes and
have proven to be very effective. The ability of elastin nanoparticles to self-assemble and
respond to varying temperatures has allowed them to be employed for various therapeutic
applications. The properties of the elastin nanoparticles can be tailored according to the
intended application [14,67,68]. One study reported the use of elastin nanoparticles for
the delivery of bone morphogenic proteins (BMPs). Poly (L-valine-L-proline-L-alanine-L-
valine-L-glycine) pentapeptide is an elastin-like polymer where the central glycine molecule
is replaced by alanine. A total of 94% of the BMP was successfully encapsulated into
elastin-like polymer nanoparticles. The in vitro assays revealed that they are non-toxic and
compatible with C2C12 cells [69]. Kim et al. reported a study where α-elastin nanoparticles
were fabricated for protein delivery applications. The nanoparticles were grafted with
polyethylene glycol to improve the colloidal stability; they were in the size range from
330 ± 33 nm. A sustained release of encapsulated insulin and bovine serum albumin (BSA)
was observed for 72 h. The thermoresponsive nature enables the fabricated nanoparticles
to be employed for a wide variety of drug delivery and tissue engineering applications [70].
The summary of protein based biopolymeric nanoparticles is given in Table 2.

Table 2. Summary of protein-based biopolymeric nanoparticles.

Protein Overall Composition Application Key Findings of the Study Reference

Albumin
Human serum albumin + ibrutinib
and hydroxychloroquine
(nanoparticles)

Co-drug delivery
system for treatment
of glioma

Improved bioavailability
Prolonged survival time in
in vivo treated mice
High cytotoxicity against
C6 cells

[36]

Albumin

Bovine serum albumin +
abaloparatide + aspirin +
polycaprolactone + hydroxyapatite
(nanofibrous scaffold)

Bone regeneration

Improved degradation rate
Slow drug release
Enhanced compatibility
Improved bone regeneration

[37]

Albumin

Human serum albumin (HSA) +
indocyanine green (ICG) +
paclitaxel (PTX) + hyaluronic acid
(nanoparticles)

Image-guided
drug delivery

Efficient drug release in the
tumor environment
Efficient anti-cancer activity

[38]

Albumin Bovine serum albumin +
carnosic acid

Anti-tumor activity of
breast cancer and
colon cancer.

Enhanced loading activity
Improved release profile
of the drug
Enhanced anti-tumor activity
Upregulation of GCLC gene and
downregulation of BCL-2 and
COX-2 gene.

[39]

Albumin Bovine serum albumin + silymarin +
curcumin + chitosan

Muco-inhalable drug
delivery system

Significant reduction of
interleukin-6 and
c-reactive protein
Efficient anti-viral activity in
in vitro COVID-19 experiment

[71]
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Table 2. Cont.

Protein Overall Composition Application Key Findings of the Study Reference

Albumin Bovine serum albumin +
poly-L-lysine + graphene oxide Bone regeneration

Controlled release of BMP-2
(14 days)
Improved matrix mineralization
Enhanced Alkaline phosphatase
(ALP) activity

[72]

Gelatin Gelatin + concanavalin-A + cisplatin Drug delivery for
cancer therapy

Enhanced cellular uptake of
nanoparticles
Enhanced reactive oxygen species
and apoptosis in cancer cells

[73]

Gelatin Gelatin methacrylol nanoparticles
+ rhodamine Cell imaging

Improved cell viability and cell
proliferation in vitro
Superior cell compatibility
Enhanced cellular uptake
Improved fluorescent properties

[74]

Gelatin Amino cellulose + polycaprolactone
+ gelatin nanoparticles Rheumatoid arthritis

Reduction in swelling and
inflammation in rats.
Maintaining cartilage and bone
tissue architecture.
Reduction of
inflammatory markers

[75]

Gelatin Gelatin + indocyanine + doxorubicin Breast cancer treatment

Improved drug release
Suppressed the tumor growth
in vivo
Enhanced degradation of matrix
metalloproteinase-2

[76]

Gelatin
Polyethylene glycol grafted gelatin
nanoparticles + doxorubicin
+ betanin

Cancer therapy

Enhanced cellular uptake
Cell apoptosis induced in MCF
cells; Controlled drug
release observed

[43]

Silk fibroin Curcumin + silk
fibroin nanoparticles Cancer therapy

Enhance anti-tumor activity
Improved anti-oxidant activity
Curcumin was found to be
fluorescent when encapsulated

[52]

Silk fibroin Silk fibroin + sodium alginate + silk
fibroin nanoparticles (scaffold) Wound healing

Improved cell adhesion
Enhanced hemostasis
Improved platelet adhesion
Excellent biocompatibility and
improved cell adhesion
and proliferation

[53]

Silk fibroin Silk fibroin + simvastatin
(nanoparticles) Bone regeneration

Sustained release profile
Improved ALP production
Enhanced production of
osteoblast cells

[54]

Silk fibroin Silk fibroin + 5 fluorouracil
(nanoparticles) Drug delivery Improved loading efficiency

Slower release of the drug [55]

Silk fibroin Silk fibroin nanoparticles
+ PX478 + doxorubicin

Reverse
multi-drug resistance

Increased cellular uptake
Downregulation of genes-MDR1,
VEGF and GLUT-1

[56]

Silk fibroin Silk fibroin + tamoxifen
(nanoparticles) Breast cancer

The particle size was found to be
186.1 nm
Encapsulation efficiency was
found to be 79.08%
Biphasic release profile was
observed

[77]

14



Materials 2023, 16, 2364

Table 2. Cont.

Protein Overall Composition Application Key Findings of the Study Reference

Collagen Collagen + estradiol–hemihydrate Transdermal
drug delivery

Enhanced drug loading capacity
Increased sustained drug release
Improved drug absorption

[64]

Elastin Elastin-like polymeric nanoparticles
+ bone morphogenic protein Drug delivery system

Improved
encapsulation efficiency
Compatible with C2C12 cells

[69]

Elastin α-elastin + methoxy polyethylene
glycol + BSA/Insulin Protein delivery

Encapsulation at low
temperatures with
simple mixing
Sustained release for 72 h
The nanoparticles are of normal
size distribution

[70]

Elastin Elastin-like recombinamers +
docetaxel + RGD peptide Drug delivery system

High yield of 70%
Monodispersed
nanoparticles-40 nm
Very much effective against
breast cancer cell line

[78]

3. Polysaccharide Based Polymeric Nanoparticles

Polysaccharides are long carbohydrate molecules made of monosaccharide units that
keep repeating and are linked by glycosidic bonds. Some examples of polysaccharides
include chitosan, alginate, dextran, starch, heparin and hyaluronic acid. These naturally
derived biopolymers form the main constituent of the extracellular matrix. The main
advantages of polysaccharides are that they are highly stable, compatible with human cells
and have favorable degradable properties. Carbohydrate-based nanoparticles, along with
immobilization techniques, help in improving biocompatibility. Due to their small size
and high surface-to-volume ratio, nanoparticles have wide applications, such as delivering
drugs, proteins and nucleic acids. Polysaccharide-based nanoparticles can be fabricated by
various methods and the properties can be tailored by modifying the structure according
to the intended application [2,10,13,15]

3.1. Chitosan

One of the most important cationic biopolymers employed for various biomedical
applications is chitosan. This hetero polymer is made of N-acetyl-D-glucosamine, which
is an acetylated unit, and D-glucosamine, which is a deacetylated unit linked by β-1,4
linkages. It is a hydrophilic biopolymer with the ability to open tight junctions of the cell
membranes that are degraded by the presence of enzymes such as lysozymes, proteases
and lipases [10,79]. The positive charge of the chitosan nanoparticles is due to the presence
of amine groups that has the ability to adhere to the negatively charged mucosal mem-
brane and aid in the release of the encapsulated drugs in a sustained manner. A complex
formation is induced by the electrostatic interactions along with hydrogen bonding and
hydrophobic interactions, and thus, the mucoadhesive property of the chitosan nanoparti-
cles are highly exploited for oral drug delivery applications. The nanoparticles also have
cell compatibility in both in vitro and in vivo models [80]. The bioavailability and stabil-
ity issues are overcome with the surface modification of the chitosan nanoparticles. The
chitosan nanoparticles show improved bioavailability, increased specificity and reduced
toxicity, and the properties vary with size. Due to all these properties, they are employed in
applications such as nanomedicine, biomedical and pharmaceutical industries [81]. They
can be fabricated by a variety of methods such as emulsification, precipitation, ionic or
covalent cross-linking, solvent diffusion method and solvent evaporation [82,83]. Dev
et al. fabricated chitosan nanoparticles along with Poly lactic acid for encapsulation of the
anti-HIV drug called Lamivudine; the nanoparticles were found to be around 300 nm and
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the drug encapsulation efficiency was 75.4%. They were found to be non-toxic to mouse
fibroblast cells (L929 cells) [84]. Hydrophilic drugs such as 5-fluorouracil and leucovorin
have been encapsulated in chitosan nanoparticles for the treatment of colon cancer. The
drug-loaded nanoparticles were in a wide size range of 34–112 nm. The drugs loaded into
the nanoparticles initially had a burst release followed by a continuous and constant release
of the drugs. Encapsulation efficiency and the drug loading capacity of the drugs were
found to be very efficient because of the strong interaction between the biopolymer and
the drugs [85]. Chitosan nanoparticles were incorporated into the silk fibroin hydrogel
scaffolds for the repair of cartilage defects. The incorporation of tumor growth factor
(TGFβ) and bone morphogenic protein (BMP) was carried out to repair the articular defects.
Enhanced cell viability, cytocompatibility and chondrogenesis was observed [86]. Cur-
cumin was encapsulated into chitosan nanoparticles and finally incorporated into nanofiber
mats containing polycaprolactone and gelatin. The nanoparticles were in the size range of
278 ± 60 nm. The encapsulation efficiency and the drug loading capacity were found to be
93 ± 5% and 4.2 ± 0.2%, respectively. Drug release of the nanocomposite was observed up
to 240 h. The cell compatibility of the nanocomposite was studied with the help of human
endometrial stem cells (EnSCs), as indicated in Figure 7.
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Figure 7. (A) Scanning electron microscopy images of human endometrial stem cells attached in PCL,
PCL/gelatin and PCL/gelatin/chitosan nanoparticles/curcumin-loaded fibrous mats for 24 h and 72 h;
(B) Results of cellular growth obtained through MTT assay. (Vertical bars: standard deviations;
* p-value < 0.05) (Reproduced with permission from [87]; Copyright 2020, Elsevier).

Higher cellular growth was found in the PCL/gelatin/chitosan nanoparticles/curcumin
nanofiber mats. An increase in cell adhesion and proliferation of the nanofiber mats was
observed at the end of 72 h. The hybrid composite was found to be biocompatible, as
observed through MTT assay.

3.2. Alginate

Alginate is one of the most important anionic biopolymers obtained from seaweeds
such as brown algae. They are linear and are made of units of α-L-guluronic acid and β-D-
mannuronic acid linked by 1,4 glycosidic linkages. The presence of carboxyl and hydroxyl
groups in their structure facilitates easy modification according to the intended application.
It can be transformed into any form, such as nanoparticles, hydrogels, microparticles and
porous scaffolds. The ability of alginate to form gels without the addition of any toxic
substance at normal conditions has enabled it to be used in a wide variety of therapeutic
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applications. It is also very easily available, not toxic, and has favorable cell compatibility
and biodegradable properties. Alginate nanoparticles are fabricated by means of pre-
gelation with calcium; they are widely being explored in the field of tissue engineering,
regenerative medicine, wound healing, biosensors, genetic transfection and environmental
applications. The nanoparticles show improved biocompatibility, degradation properties
and also mucoadhesiveness properties; they are combined with other polymers to modulate
their physiochemical, mechanical and biological properties [13,31,88–90]. A study reported
the use of alginate nanoparticles along with an antibiotic called polymyxin B sulphate to be
one of the layers for the biomembrane designed for wound healing. The biomembranes
showed low toxicity and were found to be biocompatible with the fibroblast cells; the
in vivo analysis showed promising outcomes [91]. Alginate nanoparticles, along with
chitosan, were employed for the delivery of the drug called nifedipine. The nanoparticles
had an average diameter of 20 to 50 nm. The drug release was found to be pH responsive,
i.e., the percentage of the drug varies with respect to the pH. Initial burst release followed by
continuous controlled release was observed. Fick’s diffusion was found to be the reason for
the drug release [92]. Curcumin diethyl disuccinate was encapsulated in chitosan/alginate
nanoparticles for anti-cancer therapy. A sustained release profile of the drug and improved
bioavailability was observed. The drug was found to be stable when exposed to digestive
fluids. The main mechanism behind the release of the drug was found to be diffusion.
It was found that the cellular uptake was enhanced and showed cytotoxicity against the
HepG2 cell line [93]. Zohri et al. reported a formulation where chitosan and alginate
nanoparticles were used as a non-viral vector for gene delivery applications and optimized
using the D-optimal design. The nanoparticles were found to be compatible with cells and a
transfection efficiency of 29.9% was observed [94]. One study reported the sustained release
of the drug esculentoside from chitosan/alginate nanoparticles that were embedded in a
collagen/chitosan scaffold for the treatment of burn wounds. The highest encapsulation
efficiency of 78.20% was observed. The composite scaffold showed good anti-inflammatory
activity. The in vitro assays showed that M2 macrophages were activated, which promoted
quick healing of the burn wounds. The in vivo evaluation of the nanocomposite in the burn
wounds also showed promising results (Figure 8).
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Figure 8. Images of the healing of burn wounds after transplantation with the blank Collagen/chitosan
scaffold, 5 µg drug–chitosan/alginate nanoparticles @ collagen/chitosan scaffold, 10 µg drug-
chitosan/alginate nanoparticles @collagen/chitosan scaffold, and blank collagen chitosan scaffold
with 5 µg drug at days 0, 3, 7, 14, and 21 (Reproduced with permission from [95]; Copyright 2023,
American Chemical Society).
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Drug concentrations in the nanocomposite scaffold showed better healing properties
than the blank scaffold. The wound was almost completely healed at the end of day 21 [95].

3.3. Starch

Starch is a natural, biodegradable biopolymer obtained from various plants such as
potato, wheat, rice or corn, and it is made of amylose and amylopectin. It is widely em-
ployed for biomedical applications such as tissue engineering or wound healing. It is easily
available since it is the second most abundant biomass present on the earth. The impor-
tant favorable characteristics that make them a suitable candidate for various applications
are that they have swelling characteristics, rheological properties, degradable properties,
solubility and biocompatibility. Starch-based nanoparticles are used as fillers with other
polymer matrices and help to improve the various physiochemical and mechanical properties.
Studies also have reported that starch-based nanoparticles increase encapsulation efficiency.
They can be fabricated by a variety of methods such as precipitation, micro fluidization
and enzyme hydrolysis, homogenization and emulsification. They have enhanced absorp-
tive capacity and biological penetration rate and are thus employed as carriers to deliver
bioactive compounds [10,13,96–99]. One study reported that CG-1521 was encapsulated in
starch nanoparticles for the treatment of breast cancer. Improved therapeutic index and
bioavailability were reported due to the presence of nanoparticles. The release rate of the
drug was reduced and the cytotoxicity was enhanced towards the MCF-7 cell line. Cell cycle
arrest and apoptosis were witnessed in the MCF cell line in in vitro study. The drug delivery
of the drug was found to be promising without interfering with the mechanism of drug
action [100]. Curcumin was loaded onto starch nanoparticles derived from green bananas.
The nanoparticles were found to be about 250 nm in size and the encapsulation efficiency was
found to be 80%. More controlled release of curcumin was observed because of the strong
hydrogen bond interaction [101]. Starch nanoparticles grafted with folate and biotin for the
delivery of Doxorubicin and siRNA. A high amount of cytotoxicity was observed against
the A549 cell line (human lung cancer cell line). The lowest amount of cell proliferation
was observed and the mechanism behind cellular uptake was found to be either clathirin or
caveolae-mediated [102]. A nano-based drug delivery system was designed by using starch
nanoparticles conjugated with aptamer loaded with para coumaric acid for the treatment of
breast cancer. The nanoparticles were found to be less agglomerated and the particle size was
found to be 218.97 ± 3.07 nm. The encapsulation efficiency was found to be 80.30 ± 0.53%.
Rapid and burst release of the drug was observed for the initial five hours. Higher cytotoxicity
was observed towards MDA-MB-231 cells [103]. Triphala Churna, an ayurvedic drug, was
encapsulated in starch nanoparticles for the purpose of releasing various drugs and bioactive
compounds. The nanoparticles were in the size range of 282.9 nm. Improved fast drug release
was observed at pH 7.4, and enhanced drug encapsulation was observed. The anti-oxidant
and anti-bacterial results of the drug-loaded starch nanoparticles showed promising results.
The drug showed improved activity and the mechanism of the drug was not altered though
it was encapsulated in starch nanoparticles [104]. Methacrylated starch-based nanoparticles
have been employed as hydrogels by photopolymerization. Dense and stiff hydrogels that are
compatible with human cells were fabricated and reported in a study by Majcher et al. The
shear modulus was found to be increased by at least five times [105].

3.4. Dextran

Dextran belongs to a family of microbial polysaccharides obtained from lactic acid
bacteria (LAB) and their enzymes in the presence of sucrose. This exopolysaccharide is
linked by D glucose units majorly by α-1,6 bonds. The physio–chemical properties vary
with respect to the strain producing it. The favorable rheological, thermal properties,
biocompatibility and biodegradability, enable dextran to be employed in a lot of appli-
cations. Dextran has been employed in biomedical applications such as wound healing,
tissue engineering, imaging and as drug carriers. The ability of dextran nanoparticles to
form a stable backbone has shown promising results to be employed as a nano drug car-
rier [106,107]. One study reported the use of the anticancer drug doxorubicin encapsulated
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in carboxymethyl dextran nanoparticles for cancer treatment. The nanoparticles were in
the size of 242 nm and had an encapsulation efficiency of greater than 70%. Rapid release
of the drug was observed initially. In vitro assays revealed that the fabricated nanoparticles
showed higher cytotoxicity towards the SCC7 cancer cell line. A high anti-tumor effect
was exhibited from the drug-loaded nanoparticles [108]. A dextran nanoparticle of about
13 nm was crosslinked with Zirconium (Zr-89) to be used as a positron emission tomogra-
phy (PET) imaging agent for the purpose of imaging macrophages. The half-life was found
to be 3.9 h, and they primarily imaged only the tissue macrophages and not the white
blood cells. The in vivo imaging results showed that the tumoral uptake was very high
and was able to surpass the reticuloendothelial system [109]. Acryloyl crosslinked dextran
dialdehyde (ACDD) nanoparticles grafted with glucose oxidase for the fabrication of a
pH-responsive insulin delivery system. A controlled release of insulin of 70% was observed
in the artificial intestinal fluid conditions for 24 h. In the presence of glucose, the release
was found to be 90% under artificial intestinal fluid conditions. The mechanism behind the
release of the drug was found to be non-Fickian diffusion [110]. Butzbach et al. reported a
study where photosensitizer was encapsulated in spermine and acetyl-modified dextran
nanoparticles and grafted with folic acid on the surface that is specifically expressed in
the tumor cells. Cellular uptake against He-La KB cells and cytotoxicity induced by light
were observed [111]. Another study reported the use of dextran nanoparticles conjugated
with acitretin for the treatment of psoriasis-like skin disease. A low dosage of the drug
does not induce and side effects. In vitro results showed that keratinocyte proliferation
was enhanced. The mechanism behind that was that the STAT-3 phosphorylation was
efficiently inhibited [112]. Cerium oxide nanoparticles were coated with dextran for use as
a contrast agent in the gastrointestinal tract and bowel diseases. Enhanced imaging in the
inflammation sites. No toxicity was observed and was protective against oxidative damage.
The oral dose (>97%) was cleared after 24 h [113]. In another study, dextran nanoparticles
were cross-linked with colon-specific oligoester that responds to enzymes was fabricated.
5-Fluoro uracil was encapsulated in the dextran nanoparticles for the treatment of cancer.
The nanoparticles were in the size range of 237 ± 25 nm. The encapsulation efficiency of
the drug was found to be 76%. The drug was found to release only in the presence of the
enzyme dextranase. 75% of the drug was released up to 12 h of incubation. The dextran
nanoparticles were found to be compatible with the HCT116 colon cancer cell line and were
found to be cytotoxic in the presence of the enzyme dextranase [114]. The summary of the
polysaccharide based polymeric nanoparticles is given in Table 3.

Table 3. Summary of polysaccharide-based polymeric nanoparticles.

Polysaccharide Overall Composition Application Key Findings of the Study References

Chitosan Chitosan + polylactic
acid + lamivudine Drug delivery

Drug release was found to be
higher when higher percentage
was loading
The nanoparticles were found to
be non-toxic to the L929 cell line
The degradation rate increases
with respect to pH

[84]

Chitosan Chitosan + 5-fluorouracil
and leucovorin Drug delivery

Improved encapsulation
efficiency and drug
loading capacity
Release profile can be modulated
by changing the parameters

[85]

Chitosan Chitosan + ellagic acid Oral cancer therapy

Particle size was found to be 176
nm; Encapsulation efficiency
was found to be 94 ± 1.03%.
Sustained release of the drug
was observed. Cytotoxicity was
observed in KB cell line

[115]
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Table 3. Cont.

Polysaccharide Overall Composition Application Key Findings of the Study References

Chitosan Chitosan + tetracycline+
gentamycin + ciproflaxin Drug delivery

Superior antibacterial properties;
improved physiochemical and
mechanical properties; greater
penetration of nanoparticles
observed in the fiber

[116]

Chitosan Chitosan + 5-fluorouracil Drug delivery

Negative binding energy makes
it energetically suitable; high
drug loading capacity; reduced
toxicity and increased reactivity

[117]

Chitosan Chitosan + dexamethasone Drug delivery

Particle size ranged from 277 to
289 nm; Drug release increased
up to 8 h and was constant upto
48 h. Mild cytotoxicity was
observed against L929, HCEC
and RAW 264.7 cells. Effective
anti-inflammatory activity
against RAW macrophages

[118]

Chitosan Chitosan + sodium alginate +
polyvinyl alcohol + rosuvastatin Drug delivery

Enhanced mechanical properties
of the hydrogel film. The size of
the nanoparticles ranged
between 100–150 nm.
Encapsulated drug was released
within 24 h. High cell viability of
fibroblast cells observed after
72 h of incubation

[119]

Alginate Alginate + rifampicin/isoniazid/
pyrazinamide/ethambutol

Anti-tuberculosis
drug carrier

High drug encapsulation
ranging from 70 to 90%.
Improved bioavailability
of the drugs
Promising in vivo results

[120]

Alginate
Chitosan + alginate
nanoparticles + curcumin
diethyl disuccinate

Drug delivery

Enhanced stability; good
bioavailability; improved
cellular uptake; cytotoxicity
against Hep G2 cell line.

[93]

Alginate
Chitosan oligosaccharide +
alginate nanoparticles
+ astaxanthin

Drug delivery

Encapsulation efficiency and
drug loading capacity were
found to be 71.3% and 6.9%.
Exhibited stability in acidic,
alkaline and ultraviolet light.
Sustained drug release was
observed. Improved
bioavailability and
anti-oxidant activity.

[121]

Alginate Chitosan + alginate
nanoparticles Gene delivery

Particle size of 111 nm; no
toxicity observed; transfection
efficiency of 29.9%

[94]

Alginate Chitosan + alginate
nanoparticles + esculentoside Wound healing

Enhanced healing rate;
improved anti-inflammatory
activity; Sustained drug release
rate

[95]

Starch Starch nanoparticles + citric acid
(nanocomposite) -

The size of the nanoparticles
ranged from 50 to 100 nm.
Improved storage modulus and
glass transition temperature.
Decrease in water
vapor permeability

[122]
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Table 3. Cont.

Polysaccharide Overall Composition Application Key Findings of the Study References

Starch Starch + CG-1521 Breast cancer treatment

Slow release of the drug;
Improved cytotoxicity towards
MCF-7 cell line. Cell cycle arrest
was induced and apoptosis was
seen in MCF-7 cells

[100]

Starch Starch nanoparticles + curcumin Drug delivery
Enhanced encapsulation
efficiency (80%)
Controlled release observed

[101]

Starch Starch nanoparticles +
doxorubicin + siRNA Cancer therapy

Low cell proliferation; enhanced
cytotoxicity against A549 cell
line; decreased expression of
IGFR 1 protein

[102]

Starch Starch nanoparticles + para
coumaric acid Breast cancer

Increased cytotoxicity towards
MDA-MB-231 cells; burst release
observed initially; enhanced
encapsulation efficiency

[103]

Starch Starch nanoparticles +
triphala churna Drug delivery system

Enhanced encap-
sulation efficiency
Improved anti-bacterial and
anti-oxidant activity; initial drug
release was found to be very fast

[104]

Dextran Dextran nanoparticles
+ doxorubicin Cancer therapy

Enhanced anti-tumor effect; high
cytotoxicity towards SCC7
cancer cell line; improved
encapsulation efficiency

[108]

Dextran Zirconium-89 labeled dextran
nanoparticles In vivo imaging

Enhanced tumor uptake; half-life
of 3.9 h. Targets only tissue
macrophages

[109]

Dextran Dextran nanoparticles
+ glucose oxidase Insulin delivery

Controlled release of insulin
-90% under artificial intestinal
fluid conditions;
mechanism—Non-
Fickian diffusion

[110]

Dextran Dextran nanoparticles + acitretin Treatment of psoriasis
skin disease

Average size of 100 nm;
sustained release of 80%.
Enhanced proliferation level of
keratinocytes; improved
inhibition of
STAT-3 phosphorylation

[112]

Dextran Carboxymethyl dextran
nanoparticles + Cy-5 labeling Retinoblastoma

Enhanced ocular bioavailability;
more affinity toward
ocular tumor

[123]

Dextran Dextran nanoparticles + Cerium
oxide nanoparticles

CT contrast
imaging agent

Oxidative stress protection; no
toxicity observed; majority of the
drug released in 24 h

[113]

4. Synthetic Biopolymeric Nanoparticles

This type of biopolymer is either obtained by modifying the natural polymers or
by chemically synthesized from the monomers in such a way that they do no leave any
toxic by product. It can be either obtained from renewable feedstock or from fossil fuels.
They are more advantageous than natural polymers and are employed in a variety of
applications because of their stability and flexibility. They also facilitate controlled release,
non-immunogenic and can be easily cleared from the body. One of the disadvantages of
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synthetic biopolymers are that they lack cell adhesion sites and chemical modifications
are required to improve their property. Some examples of synthetic biopolymers include
polycaprolactone (PCL), Polylactic acid (PLA), Polyvinyl alcohol (PVA) and Polyethylene
glycol (PEG), which are widely being studied for various biomedical applications. The
nanoparticles synthesized out of them have improved properties such as biocompatibility,
biodegradability and stability. The higher surface-to-volume ratio enables higher reactiv-
ity and a capability to easily modify the functional groups and, thereby, the governing
properties [124].

4.1. Polycaprolactone Nanoparticles

Polycaprolactone (PCL) is a polymer that is biodegradable and belongs to the family
of aliphatic polyesters, and is fabricated by using the polymerization technique using a
monomer and an initiator. It is widely used in many biomedical applications such as
tissue engineering, wound healing and drug delivery because of its favorable features such
as biocompatibility, biodegradability, bioresorbability and rheological properties. PCL is
also approved by the Food and Drug Administration (FDA). It is used to deliver multiple
drugs and also further includes peptides, proteins and bioactive molecules for various
therapeutic applications. The degradation of PCL takes about 2 to 3 years and the by-
product is also metabolized by the body [125–128]. The drugs have been encapsulated in
PCL nanoparticles to improve the bioavailability, specificity and the therapeutic index [129].
One study reported the encapsulation of carboplatin in PCL nanoparticles for the purpose
of intranasal delivery. The drug-loaded nanoparticles were fabricated by a double solvent
evaporation method. They were in the size of 311 ± 4.7 nm. The encapsulation efficiency
was found to be 27.95 ± 4.21%. The drug release profile showed a biphasic pattern where
there was an initial burst release followed by controlled continuous release. In vitro analysis
exhibited an increased cytotoxicity activity against human glioblastoma cells—LN229 cell
line. Nasal perfusion studies performed in situ in Wistar rats showed that the absorption
capacity of the drug was higher in the case of an encapsulated drug rather than a free
drug [130]. PCL, along with Tween 80, was fabricated into nanoparticles and used for
loading the drug docetaxel for the purpose of cancer therapy. The nanoparticles were
found to be spherical in shape and about 200 nm in diameter. 10% of the drug was
encapsulated and nearly 35% got released in a period of 28 days. This combination showed
high cellular uptake and exhibited enhanced cytotoxicity towards the C6 glioma cancer
cell line [131]. Geranyl cinnamate was encapsulated in PCL nanoparticles to improve
its stability and prevent it from thermal degradation. They were fabricated by solvent
evaporation method and the particles were found to be spherical with a size of 177.6 nm.
The drug-loaded nanoparticles showed stability for 60 days. The drug release occurs
only in the presence of an external trigger, such as oil phase or an enzyme to degrade
the polymer matrix [132]. Hybrid nanoparticles made of PCL and hydroxyapatite were
fabricated to improve osteogenesis. Enhanced cell proliferation and differentiation was
observed. A low amount of cell cytotoxicity was reported. Osteogenic markers such as Run
x-2 and osteopontin were moderately expressed and sialoprotein was highly expressed
after 10 days [133]. Hao et al., reported a study where PCL nanoparticles was grafted with
polyethylene glycol and loaded with indocyanine green and 5-fluorouracil for the treatment
of skin cancer. This system was integrated with a hyaluronic acid microneedle system. The
cell proliferation of A431 and A375 was very well inhibited. The whole system showed an
enhanced photothermal effect. Controlled release of the drug and its promising anti-tumor
ability was reported [134]. Dorzolamide was encapsulated on to PCL nanoparticles coated
with chitosan for ocular drug delivery. The size and the encapsulation efficiency of the
nanoparticles were found to be192.38 ± 6.42 nm and 72.48 ± 5.62%. Drug release was
found to be a biphasic patter with an initial burst release for 2 h followed by a sustained
release for 12 h. Improved permeation rate and mucoadhesive behavior when compared to
the control group. Histopathology analysis revealed that they were completely safe to use
and did not induce any toxicity [135]. PCL nanoparticles were grafted with polyethylene
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glycol and were used to load the drug Cabazitaxel for the treatment of colorectal cancer.
Improved bioavailability and biocompatibility were reported. Enhanced drug loading
capacity, anti-tumor effect and stability were observed [136]. PCL nanoparticles were
employed for the simultaneous delivery of two drugs such as Paclitaxel and IR780, for the
treatment of ovarian cancer. The nanoparticles were found to have a high drug-loading
capacity and the release of the drug was facilitated by the presence of light. They specifically
target ovarian cancer cells and accumulated the drug in an in vivo mouse model [137].

4.2. Polylactic Acid Nanoparticles

Polylactic acid (PLA) is an FDA-approved biodegradable polymer derived from
sources such as corn starch and sugarcane. It is linear and lipophilic in nature and can be
obtained from the polycondensation of a monomer called lactic acid. The only degradation
product, lactic acid, is either metabolized or eliminated via urine. It is widely used for
biomedical applications such as tissue engineering, wound healing, implants and as drug
delivery carriers. The disadvantage is that it has poor stability in heat and is very brittle.
PLA nanoparticles are fabricated to encapsulate drugs or used as a filler in other polymer
matrices. The nano form of PLA improves the stability and reactivity [124]. One study
reported the use of PLA nanoparticles to encapsulate quercetin for therapeutic applications.
The drug-loaded nanoparticles were prepared by the solvent evaporation method. The
drug was loaded to improve the stability, permeation rate and solubility. The size of the
particles was found to be 250 ± 68 nm and the encapsulation efficiency to be 40%. The
drug release pattern was found to be initially burst followed by sustained release of the
drug. The enhanced anti-oxidant activity was reported [138]. Rifampicin was loaded
into PLA nanoparticles for the treatment of anti-bacterial actions. They were fabricated
by nanoprecipitation method and a two phase drug release was observed. Enhanced
antibiotic delivery was reported [139]. Enrique Niza et al., fabricated polyethylene imine
coated PLA nanoparticles loaded with a bioactive compound called Carvacrol for enhanced
anti-bacterial and anti-oxidant activity. The size and the encapsulation efficiency of the
nanoparticles was found to be 100 nm and 30%. Burst release of 15% of the drug followed by
sustained drug release at the end of 8 h. Enhanced anti-microbial activity and stability was
reported [140]. Berberine is an anti-cancer drug that was loaded into PLA nanoparticles by
using coaxial electrospray technique for sustained drug release. The size of the fabricated
nanoparticles was found to be 265 nm and the encapsulation efficiency was found to be
81%. High cell cytotoxicity and cellular uptake was reported against HCT116 cell line [141].
PLA nanoparticles was used to encapsulate two drugs daunorubicin and glycyrrhizic acid
for simultaneous delivery to treat leukemia. Enhanced encapsulation and loading capacity
were observed. Improved drug uptake and further facilitated an increase in apoptosis
rate [142]. A novel drug delivery system was designed for the treatment of cancer using
PLA nanoparticles loaded with PLX4032 which is an anti-cancer drug. Enhanced loading
efficiency and the cancer cells were destroyed. This theranostic device was used for the
purpose of cancer treatment [143].

4.3. Poly Vinyl Alcohol Nanoparticles

Poly vinyl alcohol (PVA) is a water soluble polyhydroxy polymer that is semi-crys-
talline and can be obtained from polyvinyl acetate by hydrolysis reaction. They are widely
employed for biomedical applications because of their properties such as low cost, compat-
ibility with cells, highly elastic in nature and has tensile strength that matches with that
of the articular cartilage. The disadvantages are that it has very less growth of osteoblast
cells since it lacks self-adhesion sites [16,144,145]. PVA nanoparticles can be fabricated by
techniques such as nanoprecipitation or by emulsion technique. The nanoparticles enable
widely in cancer treatment by delivering the drug to the tumor site because of the leaky
vessels. PVA nanoparticles aid in improving the bioavailability and the stability of the
loaded drug [146]. Zinc oxide/PVA nanoparticles were fabricated by sol–gel method for
the purpose of reducing the level of glucose. The nanoparticles were found to be spherical
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in shape and varying amounts of polyvinyl alcohol had an impact on the photocatalytic
activity. The in vivo analysis also showed promising results of reduced glucose levels in rats
affected with diabetes [147]. Bovine serum albumin was encapsulated in polyvinyl alcohol
nanoparticles for the purpose of delivering peptides. The nanoparticles were fabricated
by water in an oil emulsion technique and the diameter of the particles were found to be
675.56 nm. The encapsulation efficiency of the drug was 96.26%. The release of the protein,
governed by the diffusion process, was held in a sustained manner that lasted up to 30 h.
The stability of the drug was raised when it was loaded onto polymeric nanoparticles [148].
The summary of the synthetic biopolymeric nanoparticles is given in Table 4.

Table 4. Summary of synthetic bio polymeric nanoparticles.

Synthetic Biopolymer Overall Composition Application Key Findings of the Study References

Polycaprolactone Polycaprolactone
nanoparticles + carboplatin Intra nasal delivery

Size- 311.6 ± 4.7 nm; Biphasic
pattern of drug release-initial
burst release followed by slow
and controlled release. Cytotoxic
towards human glioblastoma
cell line. Better nasal absorption
than free drug

[130]

Polycaprolactone Polycaprolactone + Tween
80 + docetaxel Cancer therapy

Enhanced cellular uptake;
Improved cytotoxicity against
C6 glioma cells; 35% of the drug
released in 28 days.

[131]

Polycaprolactone Polycaprolactone
nanoparticles + paclitaxel Cancer therapy

Enhanced encapsulation
efficiency; the size was found to
be 140 nm. Cell viability reduced
against SKOV-3 cell line

[132]

Polycaprolactone
Polycaprolactone
nanoparticles
+ α-tocopherol

-

Decrease in encapsulation
efficiency, particle size when the
ultrasonication time
was increased.

[149]

Polycaprolactone Polycaprolactone
+ hydroxyapatite Bone tissue engineering

Enhanced cell proliferation and
differentiation; Moderate
expression of markers such as
Runx-2 and osteopontin. High
expression of sialoprotein at the
end of 10 days.

[133]

Polycaprolactone Polycaprolactone +
chitosan + dorzolamide Ocular drug delivery

Biphasic pattern of drug release;
Enhanced drug permeation rate;
Improved mucoadhesion; It was
found to be non-cytotoxic and
safe to use.

[135]

Polylactic acid Polylactic acid + quercitrin Therapeutic effect

Size- 250 ± 68 nm; encapsulation
efficiency −40%; drug release
-burst release followed by
sustained release. Enhanced
anti-oxidant activity.

[138]

Polylactic acid Polylactic acid + rifampicin Antibacterial activity Biphasic drug release; Improved
antibiotic efficiency [139]

Polylactic acid
Polylactic acid +
polyethylene imine coating
+ carvacrol

Anti-oxidant and
Antibacterial activity

Enhanced anti-oxidant and
antimicrobial activity.
Improved stability rate

[140]

24



Materials 2023, 16, 2364

Table 4. Cont.

Synthetic Biopolymer Overall Composition Application Key Findings of the Study References

Polylactic acid Polylactic acid + berberine Drug delivery system

Technique: coaxial electrospray;
high cellular uptake; cell
cytotoxicity against HCT116 cell
line; slow release profile of the
drug was reported

[141]

Polylactic acid
Polylactic acid +
daunorubicin +
glycyrrhizic acid

Leukemia
Inhibited leukemia cells;
enhanced drug uptake;
improved apoptosis rate

[142]

Polyvinyl alcohol ZnO + polyvinyl
alcohol nanoparticles Treatment of diabetes

Exhibited photocatalytic activity
In vivo analysis reported lower
glucose level

[147]

Polyvinyl alcohol
Bovine serum
albumin + polyvinyl
alcohol nanoparticles

Delivery of proteins

High drug loading capability;
drug release up to 30 h
controlled by diffusion process;
Enhanced stability of the
loaded drug

[148]

5. Fabrication of Biopolymeric Nanoparticles

The fabrication of the biopolymeric nanoparticles can be either by top-down or bottom-
up approaches. The synthesis technique greatly influences the size and the poly-dispersity
index of the nanoparticles. An appropriate fabrication process is chosen by considering the
required features of the polymeric nanoparticles. Some of the fabrication techniques em-
ployed for biopolymeric nanoparticles, such as emulsification, precipitation, coacervation
and spray deposition are discussed in the following section [150]. The fabrication strategies
of biopolymeric nanoparticles are schematically represented in Figure 9.
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5.1. Emulsification

This method involves the formation of droplets in the nano range when the aqueous
and the organic phase are mixed together in a ratio 2:1. The aqueous phase is usually made
of water and a surfactant that is hydrophilic. The organic phase is made of a surfactant
that is lipophilic, oils obtained from plants and a solvent that can dissolve in water. They
can be either water in water (W/W) or water in oil emulsion (W/O) phase. The W/W
phase is employed for fabricating hydrogel-based protein or polysaccharide nanoparticles,
and an additional crosslinking, such as treatment using transglutaminase or acidification
for the internal phase, can be employed. The W/O emulsion phase helps to fabricate
nanoparticles that are stable with a high yield. The nanoparticles fabricated usually have
high drug loading capacity and entrapment efficiency. The solvent in the organic phase can
be removed by using the evaporation technique. One of the main disadvantages in this
technique is employing and removing the organic solvent since the residues in the end can
lead to toxicity [13,150,151].

5.2. Desolvation

Desolvation is also known as anti-solvent precipitation and is widely employed for the
fabrication of biopolymeric nanoparticles from proteins as well as polysaccharides. Solute
precipitation is facilitated when the quality of the solvent employed for dissolving the
polymer is reduced. Factors such as pH, the concentration of the cross-linking agent (e.g.,
glutaraldehyde), and ionic strength can be optimized to control the size of the particles.
The solvents include water, supercritical CO2 or any organic solvent. The driving force
behind the formation of nanoparticles is the imbalance in the interactions between the
solute, solvent and anti-solvent. This method is highly preferred since this method does
not use high-end equipment and is of low cost [2,13,150,152,153].

5.3. Coacervation

This method is similar to the phase separation technique, where there is a separation
of the polymer-rich and low-polymer-content phases. The rich polymer phase, known as
coacervates, is formed when oppositely charged biopolymers interact that can facilitate the
encapsulation of the active ingredient. The solvents usually employed include acetone or
ethanol. The fabricated nanoparticles are usually stabilized by adding cross-linking agents
such as glutaraldehyde. The factors that have to be noted to control the particle size are the
molecular weight and the quantity of the polymer. The main drawbacks of the method are
that they have low stability and controlling the size of the biopolymeric nanoparticles is
very critical [2,13,154,155].

5.4. Spray Deposition

The spray deposition method is also known as electrohydrodynamic atomization,
which employs the generation of droplets that are charged as a result of the atomization
process by the application of an electrical field. The nanoparticles are dried on the substrate
and are strongly bonded. No particular surfactant or template is required for the process.
The size of the nanoparticles is altered by the variation in the voltage supply, charge, flow
rate, and the distance between the substrate and the needle. This method is highly preferred
for the fabrication of biopolymeric nanoparticles, especially drug nanocrystals, since there
is no alteration in the biological properties [2,11,13,156].

5.5. Microfluidics

Biopolymeric nanoparticles can be synthesized by using microfluidic technology with
the aid of micro-reactors that have inner dimensions of less than 1 mm. These microreactors
are similar to lab-on-chip devices and are usually made of polymers such as polydimethyl
siloxane (PDMS) or glass. They can be either single-phase or multi-phase flow systems. The
mechanism behind the formation of polymeric nanoparticles in the microfluidic channel
is usually the self-assembly or nanoprecipitation method. The main advantages of this
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technique being employed for polymeric nanoparticle formation is that they have high
reproducibility, low reagent requirement and enhanced control of experimental parameters.
The disadvantages of the technique include the design of microfluidic channel being very
complex, and there are chances that the nanoparticles can diffuse through the polymeric
matrix and cause clogging in the channel [157–159].

6. Challenges and Future Perspective

Biopolymeric nanoparticles are widely employed for a wide variety of biomedical
applications such as tissue engineering, drug delivery systems, imaging and sensor systems
for theranostic kits. The properties such as degradability, cell compatibility, improved
stiffness and strength makes them very much suitable for various applications [13]. This
field is gaining high interest and is reflected in terms of publications by researchers. They are
either being patented or in the process of being commercialized. For example, the product
Ecosphere® from the company Ecosynthetix, in 2008, developed starch nanoparticles for
adhesive purposes owing to its higher surface-to-volume ratio and improved reactivity [99].
Biopolymeric nanoparticles are used in the treatment of cancer owing to their selective
tumor-targeting ability. The properties can be tuned appropriately and are supposedly
the most suitable candidate for biomedical applications. The high surface-to-volume
ratio enhances the molecules’ association and facilitates a high drug encapsulation rate.
Surface modification of the biopolymeric nanoparticles can be carried out to improve
the circulation time and immunogenic properties. A more efficient drug delivery system
can be designed with combined therapeutic and diagnostic for the treatment of various
diseases [89]. Some polysaccharide and protein-based biopolymers, such as alginate and
bovine serum albumin, have mucoadhesive nature and the small size makes penetration to
the target size easier [160]. Focusing on this direction helps to bring in various technological
advances in the biomedical sector. One of the main challenges to employing these for
biomedical applications is nanoparticle toxicity. There are no standard assessment methods
for nanoparticle toxicity. The nanoparticles can accumulate over time in the system and
cause side effects. The toxicity differs with the dose and the time of exposure. Though
multiple products exist in the market containing nanoparticles, a scientific gap exists
since there are no strict regulations. Thus, proper regulatory measures are required when
nanoparticles are being dealt with for medical applications. Upscaling the technology
or commercialization also plays a key role and remains to be a challenge. Currently,
researchers are highly focused on biopolymeric nanoparticles to be employed for biomedical
applications with improved efficiency and reduced toxicity [4,13,161,162].

7. Conclusions

The use of biopolymeric nanoparticles has proven to be economical, environmentally
friendly and promising in the technical aspect for a wide range of applications, especially
in the medical domain. A lot of research work is going on employing protein, polysac-
charide and synthetic-based biopolymer systems owing to their positive features such as
biocompatibility and biodegradability. Nanotechnology is highly blooming in the 21st
century and nanoparticles have the innate ability to be modified according to the required
application. Biopolymeric nanoparticles are found to be highly stable and show improved
biocompatibility, degradation rate and surface reactivity. It is very critical and important
to produce biopolymeric nanoparticles of favorable size and properties to be employed
in fabricating novel drug delivery systems for sustained drug release. The choice of the
nanoparticle depends on the application and the properties can be tuned according to the
intended application. Surface modification of the biopolymeric nanoparticles aids in the
enhancement of the circulation time and prevents immunogenic reactions. This review
focused on the various biopolymeric nanoparticles fabricated for biomedical applications
such as drug delivery, imaging and tissue engineering. The important fabrication tech-
niques, along with the challenges and the future perspective in this domain, were also
discussed. The initial stage for the development of the biopolymeric nanoparticles requires
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expensive instruments and up-scaling the technology is also challenging. Thus, future
researchers should focus on this and on ways to make sure that the nanoparticles do not
induce bioaccumulation in the human system. It is also necessary to develop nanoparticles
with enhanced efficacy. A deep and clear understanding of nanoparticle–immune system
interaction and the elimination from the human system is an important concern and must
be addressed in the future.
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Abstract: Introducing a segregated network constructed through the selective localization of small
amounts of fillers can be a solution to overcome the limitations of the practical use of graphene-based
conductive composites due to the high cost of fillers. In this study, polypropylene composites filled
with randomly dispersed GNPs and a segregated GNP network were prepared, and their conductive
properties were investigated according to the formation of the segregated structure. Due to the
GNP clusters induced by the segregated structure, the electrical percolation threshold was 2.9 wt%
lower than that of the composite incorporating randomly dispersed GNPs. The fully interconnected
GNP cluster network inside the composite contributed to achieving the thermal conductivity of
4.05 W/m·K at 10 wt% filler content. Therefore, the introduction of a segregated filler network was
suitable to simultaneously achieve excellent electrical and thermal conductivities at a low content
of GNPs.

Keywords: composites; segregated network; electrical conductivity; thermal conductivity; graphene

1. Introduction

Graphene is well known for its excellent conductive properties, such as charge mo-
bility (~200,000 cm2/V·s [1,2]), electrical conductivity (~105 S/m [3]), and thermal con-
ductivity (3000−6500 W/m·K [4,5]). In particular, graphene nanoplatelet (GNP)-filled
conductive polymer composites (CPCs), which are lightweight, easy to process, and have
excellent portability, are receiving a lot of attention because the GNPs manufactured via
the top-down method of exfoliating graphite are advantageous in terms of price and mass
production compared to bottom-up fabrication based graphene [6–10]. To maximize the
electrical and thermal conductivities of CPCs, uniform filler dispersion has been identi-
fied as an important structural factor [11–14]. To achieve the uniform filler dispersion,
various methods [15–19], such as covalent functionalization [15], noncovalent functional-
ization [16,18,19], and polymer wrapping [17], have been reported. However, despite these
efforts, there is a need for a method for spreading the application of GNP-based CPCs by
innovatively reducing the amounts of expensive GNPs incorporated into the composites.

Various strategies [20–26] have been proposed to achieve excellent electrical and
thermal conductivities of polymer composites by incorporating smaller amounts of fillers.
Double percolation can be generated by the selective localization of nanofillers based on
thermodynamic (chemical affinity) and kinetic (melting point difference) factors between
nanofillers and an immiscible matrix [20]. This strategy induces a predominant distribution
of conductive fillers in one matrix phase. Hence, the amount of filler used to implement
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double-percolated CPCs with a certain conductive performance level is significantly smaller
than that to implement randomly dispersed CPCs (R-CPCs) [21–23]. To further reduce the
amount of conductive filler used, a segregated structure in which the filler is selectively
localized at the interface has been proposed [24]. The segregated structure can minimize
the proportions of fillers by forming a matrix region inside the network where fillers are
not mixed [25–29]. The introduction of the segregated network can innovatively enhance
the electrical and thermal conductivities of CPCs simultaneously. Therefore, there is a need
to understand the simultaneous enhancement of electrical and thermal conductivities with
respect to the structural development of GNP-based segregated composites.

In this study, the electrical and thermal conductivities of composites according to their
network structures of conductive fillers were investigated experimentally and theoretically.
GNP-based R-CPCs and segregated CPCs (S-CPCs) were prepared, and the electrical
and thermal conductivities of the CPCs were analyzed. The percolation threshold in the
electrical conductivity of the R-CPCs was 3 wt%, and the thermal conductivity of the
R-CPC increased linearly according to the fitting of Nan’s model. In contrast, the electrical
percolation threshold of the S-CPC was observed at 0.1 wt% (0.04 vol%), and the thermal
percolation behavior where the thermal conductivities of the S-CPCs rapidly increased
following the thermal percolation model was confirmed.

2. Materials and Methods
2.1. Materials

GNPs (M25, XG Science, Lansing, MI, USA) with a lateral size of 25 µm, a thickness
of 5 nm, and a density of 2.2 g/cm3 [30], respectively, were used as fillers to improve the
conductivities of the composites. Pelletized polypropylene (PP, Y-120A, Lotte Chemical,
Daejeon, Republic of Korea), with an average diameter of 2–4 mm, was used as polymer
matrix. The used PP exhibited a density of 0.9 g/cm3 and a melting temperature (Tm)
of 165 ◦C.

2.2. Composite Fabrication

Fabrication process of S-CPC is shown schematically in Figure 1. Before fabricating
the composite, the raw materials were dried overnight at 85 ◦C to remove moisture. PP
and GNP were weighed at the target content and mixed at 2000 rpm for 2 min using a
mechanical mixer (ARE 310, Thinky Corp., Tokyo, Japan). The mixture was hot-compacted
using a heating press (D3P-20J, Dae Heung Science, Incheon, Republic of Korea) at 15 MPa
and 160 ◦C (below Tm) for 15 min. Fabrication of the segregated composite below Tm can
lead to stable segregated networks that were fillers localized on the matrix interface and
induces relatively superior conductive properties [26]. The composites with randomly
dispersed GNP were fabricated by molding to size of 25 × 25 × 2 mm3 using hot pressing
after stirring (60 rpm) at the temperature (180 ◦C) that the matrix melted completely
(Figure S1). The segregated composite and the composite with randomly dispersed GNPs
were labeled S-CPCX and R-CPCX, respectively. X implied the weight fraction of GNP. The
compositions of the prepared composites are presented in Table 1.

Table 1. Composition of the fabricated composites.

Sample Code PP, wt% (vol%) GNP, wt% (vol%)

R-CPC0
100 (100) 0 (0)

S-CPC0

R-CPC0.1
99.9 (99.96) 0.1 (0.04)

S-CPC0.1

R-CPC0.3
99.7 (99.88) 0.3 (0.12)

S-CPC0.3
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Table 1. Cont.

Sample Code PP, wt% (vol%) GNP, wt% (vol%)

R-CPC0.5
99.5 (99.80) 0.5 (0.20)

S-CPC0.5

R-CPC1
99 (99.59) 1 (0.41)

S-CPC1

R-CPC2
98 (99.17) 2 (0.83)

S-CPC2

R-CPC3
97 (98.75) 3 (1.25)

S-CPC3

R-CPC5
95 (97.89) 5 (2.11)

S-CPC5

R-CPC7
93 (97.01) 7 (2.99)

S-CPC7

R-CPC10
90 (95.65) 10 (4.35)

S-CPC10
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2.3. Characterization

The morphologies of the composites were observed via a field emission electron
microscope (FE-SEM, GeminiSEM 500, Zeiss, Oberkrochen, Germany). Before observation,
the specimens were dipped in liquid nitrogen for 5 min and mechanically fractured. The
surfaces of specimens were Pt-coated for 140 sec in vacuum via a sputtering machine (Ion
Sputter E-1030, Hitachi High Technologies Co., Tokyo, Japan). The Pt-coated specimens
were observed under a nitrogen condition with an applied voltage of 2 kV. Nondestructive
three-dimensional (3D) analysis was conducted with micro-computed tomography (µ-
CT, Skyscan 1172, Bruker Co., Billerica, MA, USA) to analyze the 3D internal structure
of the specimen. The 3D image of the specimen was attained via X-ray irradiation and
reconstructed using a software program (NRecon, Version 1.6.10.2). The high electrical
resistance of the composite was measured via an ultrahigh resistance meter (SM-8220,
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HIOKI E. E. Corporation, Nagano, Japan). The low electrical resistance of the composite
was measured based on direct current resistance (DC) using a Keithley 2400 Source Meter.
Before the measurement, the specimens were coated with silver paste to reduce the contact
resistance levels between the specimens and electrodes. The electrical conductivity (σ) of
the specimen was calculated via the following equation:

σ =
L

Rwt
(1)

where R, L, w, and t are the measured electrical resistance, length, width, and thickness
of the specimen, respectively. The isotropic thermal conductivity of the sample with
25 × 25 × 2 mm3 was analyzed using a hot-disk method (TPS 2500S, Hot disk AB, Gothen-
burg, Sweden) according to ISO 22007-2 [31].

2.4. Electrical Percolation Model

The theoretical electrical conductivities of the fabricated specimens are calculated
via the electrical percolation equation [32]. The electrical conductivity of the composite
(σc) is enhanced due to the electron tunnel effect induced by conductive particles (GNP
fillers) located in the insulating matrix (PP). Prior to the filler content where the tunnel
effect is maximized (φc, percolation threshold), the electrical conductivity of the composite
is expressed with the electrical conductivity of the matrix (σm) and the exponent (s). In
addition, the σc after φc is expressed with the electrical conductivity of the filler (σf ) and
another exponent (v). The critical percolation exponents—s and v—are governed by the
size and shape of the conductive particle and the thickness of the insulating layer (=distance
between GNP fillers), respectively. The slope reaching the saturation region of electrical
conductivity is determined. In this study, the electrical conductivities of the segregated
composites (σsc) are expressed as follows:

σsc = σm

[
(φec)/

(
φec − φ f

)]s (
i f , φ f < φec

)

σsc = σf

[(
φ f − φec

)
/(1 − φec)

]v (
i f , φ f > φec

) (2)

where σm, φec, φ f , and σf denote the electrical conductivity of the PP matrix (1.04 × 10−13 S/m),
electrical percolation threshold of the segregated composite (0.04 vol%), GNP filler content and
electrical conductivity of the GNP filler (104 S/m [33]), respectively. In addition, s and v indicate
the percolation exponents before and after the critical volume fraction, respectively.

2.5. Nan’s Model and Thermal Percolation Model

The thermal conductivity (TCc) of the composite incorporating the nanofiller is lower
than expected for the rule of mixtures due to the interfacial thermal resistance (ITR,
≈ Kapitza radius) generated at the interface between the nanocarbon filler and the poly-
mer matrix. Nan’s model is an effective tool for evaluating the thermal conductivity of
composite because TCc can be predicted according to the size, shape, and content of the
nanocarbon filler by assuming the uniform dispersion of fillers [34]. The theoretical thermal
conductivities of the R-CPC and S-CPC fabricated in this study are described using Nan’s
model as follows:

TCNan = TCm ×
(

3 + φ f × (βx + βz)

3 − φ f × βx

)
(3)

where,

βx =
2
(
KC

11 − TCm
)

KC
11 + TCm

, βz =
KC

33
TCm

– 1 (4)

TCm is the thermal conductivity of the PP (0.30 W/m·K), φ f is the volume fraction of
GNP fillers, and KC

11 and KC
33 are the equivalent thermal conductivities of GNPs surrounded
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with parallel and perpendicular interfacial barrier layers of the unit cell, respectively, which
can be described as following equation:

KC
11 =

TC f

1 +
2akTC f
hTCm

, KC
33 =

TC f

1 +
2akTC f
dTCm

, ak = RITR × TCm (5)

where TC f , ak, and RITR are the thermal conductivity of the GNP (3000 W/m·K), Kapitza
radius (25.1 nm), and ITR (8.40 × 10−8 m2 K/W [35]), respectively, and h and d are the
thickness (5 nm) and lateral size (25 µm) of the GNP, respectively.

TCP = TCm ×
(

1 − φ f

)
+ TCo

(
φ f − φtc

1 − φtc

)z
(6)

where TCP, TCm, and φ f are the theoretical conductivity of a composite filled with a
thermally percolated filler network, the thermal conductivity of the matrix (0.30 W/m·K),
and the volume fraction of GNP fillers, respectively. In this study, φtc is 0.0045 (0.45 vol%).
TCo and z are the pre-exponential factor (91 W/m·K in this work) and critical exponent
(0.98 in this work).

2.6. Applications

The improved electrical and thermal conductivities of the manufactured composites
were applied as humidity sensors and thermal interface management (TIM) materials, re-
spectively. After the prepared composite was placed on an electrode in an acrylic chamber
connected to an external multimeter (Fluke 17B+ MAX Digital Multimeter, Fluke Corpora-
tion, Everett, WA, USA), surface resistance was measured according to humidity control
(30−80% relative humidity (RH)) using a humidifier. Humidity-sensing sensitivity (HS)
was calculated based on the measured resistance and humidity as following equation:

HS (%) =
∆R
R30

× 100 (7)

where, R30 is the resistance at 30% RH and ∆R represents the difference between the
resistances at 80% RH and R30. In addition, the thermal images for the application of the
TIM material were obtained by measuring the average surface temperature of the fabricated
composite at 10 sec using a thermal camera (Testo 875 infrared thermal imager, Testo Ltd.,
Lenzkirch, Germany) after being placed on the hot plate at 100 ◦C.

3. Results and Discussion

Cross-sectional FE-SEM images of the prepared specimens are placed in Figure 2a–l.
A uniform dispersion of GNPs was confirmed in R-CPC0.3 (Figure 2a). In contrast, the
selective localization of GNP in the interface of the segregated composite was confirmed
in S-CPC0.3 (Figure 2b). In the magnified image of S-CPC0.3 (Figure 2c), GNPs were
compacted at the interface, indicating that the segregated structure was formed in the
S-CPC even at low filler contents. R-CPC1 and S-CPC1 showed more obvious differences in
filler distribution (Figure 2d–f). A uniform GNP dispersion of R-CPC was observed, while
S-CPC obviously exhibited a segregated structure. In addition, R-CPC showed an insulating
gap (PP matrix) between GNPs due to uniform dispersion, and GNP clusters formed by
the contact of incorporated fillers were observed in S-CPC. This morphological difference
could affect the conductivities of the R-CPC and S-CPC. Despite the successful formation of
GNP clusters in S-CPC, the partial disconnection between adjacent GNP clusters observed
at the interface of the segregated structure indicated that an interconnected network was
not formed at the 1 wt% filler content.
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Figure 2. FE-SEM images of (a) R-CPC0.3 and S-CPC0.3 at (b) low and (c) high magnifications,
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and (i) high magnifications, and (j) R-CPC10 and S-CPC10 at (k) low and (l) high magnifications.

R-CPC2 still exhibited an insulating gap between the GNPs (Figure 2g). A few inter-
connected networks in which GNP clusters contacted each other were observed in S-CPC2
(Figure 2h,i). The presence of interconnected networks within the composite can greatly en-
hance tunneling conductivity and reduce phonon scattering, resulting in improved phonon
transfer [36,37]. This indicates that fabricating segregated structures is an efficient strategy
for forming a compact conductive network via selective localization of fillers. A uniform
GNP dispersion of R-CPC10 was observed despite the maximum filler loading (Figure 2j).
The reduced distances between fillers due to the high content could improve the electron
tunnel effect and effective phonon transfer. From the observation of GNPs well localized at
the matrix interface in S-CPC10, the applied process was suitable for fabricating segregated
composites up to 10 wt% GNP loading (Figure 2k,l). In addition, a fully connected network
(Figure 2k) was formed by GNP clusters consisting of fillers in contact (Figure 2l) with each
other in the segregated composite. The fully connected filler network could contribute to
the dramatic enhancements in conductivities.

Nondestructive observation of the 3D segregated structure using µ-CT was performed.
Figure 3a–c shows the µ-CT images of R-CPC0.3 and S-CPC0.3. In Figure 3a, uniformly
dispersed GNPs within the PP matrix were observed. The obvious distances between the
fillers as insulating gaps could result in the low conductivities of the composite. On the other
hand, GNPs were selectively located at the matrix interface in S-CPC0.3 (Figure 3b,c) and
formed a conductive pathway (Figure 3c). Clusters of GNPs were formed with the selective
localization in S-CPC1 (Figure 3e,f). In addition, partial disconnection between adjacent
GNP clusters was observed, as discussed in Figure 2e. In the case of S-CPC2, multiple
GNP clusters in the segregated structure were observed (Figure 3h,i). The interconnections
between the clusters identified in the high-magnification image could be beneficial for
both electron tunneling and phonon transfer. Figure 3j–l shows the µ-CT images of the
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R-CPC10 and S-CPC10. Despite the high filler content, a uniform dispersion and segregated
structures were induced. In particular, a fully connected network of S-CPC10 was clearly
confirmed via nondestructive 3D structural analysis based on µ-CT and 2D observation
using FE-SEM.
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The electrical conductivity of composite could be described by percolation theory
based on the tunnel effects of electrons [38,39]. Electrical percolation behavior is repre-
sented by a dramatic improvement in the electrical conductivities of composites when fillers
are located at a specific distance where the tunnel effect is generated [40]. The segregated
structure could form a compact conductive network derived from the selective localization
of fillers, achieving superior electrical conductivities of S-CPCs at low filler contents relative
to R-CPCs [41,42]. A significant difference in the electrical conductivities of the R-CPC
and S-CPC was observed in Figure 4a. For example, R-CPC0.3 and S-CPC0.3 achieved
7.90 × 10−13 S/m and 2.06 × 10−2 S/m, respectively, indicating that the electron tunnel
effect was generated by the selective localization of the fillers based on the segregated
structure. In addition, R-CPCs showed a moderate increase of the electrical conductivity
up to 10 wt% (~5.81 S/m), whereas the electrical conductivity of S-CPC1 was 20.79 S/m,
where GNP clusters were identified. Furthermore, the electrical conductivity of the S-CPC2
showed 192.87 S/m before saturation, where interconnections between adjacent GNP
clusters were confirmed. Therefore, based on the internal structure analysis and electrical
conductivity results, the segregated structure of the fabricated composite was effective for
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increasing the electrical conductivities and reducing the filler contents required for generat-
ing the electron tunnel effect. The theoretically evaluated electrical conductivity using the
electrical percolation equation showed that the segregated composites were advantageous
in inducing a reduced percolation threshold (φec at 0.04 vol% (0.1 wt%)) compared to that
of R-CPCs (φec at 1.25 vol% (3 wt%)). Comparisons for the electrical percolation thresholds
and maximum electrical conductivities of previously reported GNP-segregated composites
are shown in Figure S2 and Table S1 in the Supplementary Materials [43–51]. Therefore,
it was experimentally and theoretically confirmed that the interconnected filler networks
between GNP clusters generated by the segregated structures contributed to the improved
electrical conductivities.
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Figure 4. Experimentally and theoretically obtained (a) electrical and (b) thermal conductivities of
the fabricated specimens.

The thermal conductivities of the prepared specimens are displayed in Figure 4b. The
thermal conductivity of R-CPC increased linearly with increasing filler content, and the
thermal conductivity of R-CPC10 (2.13 W/m·K) was improved by 610% compared to that
of raw PP (0.30 W/m·K). These results were similar to the thermal conductivity trends of
the R-CPCs prepared using the uniform filler dispersion method [52]. Thus, the theoretical
thermal conductivity evaluated via Nan’s model based on ITR was in good agreement with
the thermal conductivity of R-CPC. In contrast, the thermal conductivity of the segregated
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composite enhanced linearly to 2 wt% GNP (S-CPC2, 0.69 W/m·K), then rapidly improved
up to 10 wt% (S-CPC10, 4.05 W/m·K). The thermal conductivity of S-CPCs was evaluated
via the percolation model because the experimental thermal conductivity of S-CPC at higher
than 3 wt% exceeded that theoretically calculated with Nan’s model. Thermal percolation
is a behavior in which the thermal conductivity rapidly improves with increasing contact
between the thermally conductive particles [53]. The thermal conductivity of S-CPC
evaluated via a thermal percolation threshold (∅tc) of 0.45 vol% was in good agreement
with the measured value, indicating that the phonon transfer system dominated by the ITR
between the PP and GNP in the S-CPC was converted to a system based on direct contact
between the GNPs. These results were in good agreement with the partially disconnected
network between GNP clusters that contributed to the formation of multiple interfaces
(≈ITR) and the fully connected filler networks induced by interconnected GNP clusters, as
discussed in Figures 2 and 3, respectively. The observed GNP clusters within the segregated
structure of the composite formed by the selective localization of fillers during the process
enhanced the electrical and thermal conductivities by inducing effective electron tunneling
and phonon transfer. In particular, the fully connected filler network induced the excellent
thermal conductivity of the S-CPC by reducing the contribution of ITR. Therefore, it was
experimentally and theoretically confirmed that the applied strategy was advantageous for
the dramatic improvements in the electrical and thermal conductivities of the composites.
In addition, as shown in the humidity sensing sensitivities and thermal images of the
fabricated composites (Figure 5), it was confirmed that the sensitivity of the humidity
sensor and the heat dissipation performance as a TIM material were improved by the
enhanced electrical and thermal conductivity of S-CPC.
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Figure 5. (a) Humidity-sensing sensitivity results of the fabricated composites and thermal images of
the (b) R-CPC2, (c) S-CPC2, (d) R-CPC10, and (e) S-CPC10.

4. Conclusions

Introducing a segregated network inside the composite is a useful method for achiev-
ing excellent conductivities at low contents of conductive fillers. In this study, theoretical
and experimental investigations were conducted to discover the improvements in the
electrical and thermal conductivities of composites according to the selective localization of
GNP filler using the segregated structure and the generation of the conductive network.
In the internal structures of the composites observed using FE-SEM and µ-CT, the GNP

44



Materials 2023, 16, 5329

clusters located at the interfaces of the PP and the fully connected GNP networks were
obviously observed, indicating that the applied process was suitable for the fabrication of
segregated composites. S-CPC achieved an improved electrical conductivity of 20.79 S/m
at a low filler content (1 wt%) compared to R-CPC by achieving the electron tunnel effect
generated by GNP clusters on the interfaces of the PP particles. The enhancement trend of
thermal conductivity in S-CPC, before the incorporation of filler of 3 wt%, was calculated
via Nan’s equation considering ITR; however, the dramatic increase in the measured ther-
mal conductivity at high filler contents (>3 wt%) was evaluated via the thermal percolation
equation. This thermal behavior was determined by the formation of a filler network
using interconnected GNP clusters, and the enhanced thermal conductivity of S-CPC10
(4.05 W/m·K) due to a fully connected filler network in the segregated structure was ob-
served. It was confirmed from the experimentally and theoretically evaluated electrical and
thermal conductivities of the composites that the segregated structure induced using the
applied process was useful for effective electron tunneling and phonon transfer, providing
potential options for achieving excellent sensing property and TIM in composites with low
filler content.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma16155329/s1, Figure S1: Schematic for fabrication process of R-
CPC; Figure S2: Comparisons of percolation threshold (φec) and maximum electrical conductivity of
segregated composites incorporating GNP; Table S1: Comparisons of materials, fabrication methods and
percolation thresholds of segregated composites.
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Abstract: A multifunctional microwave absorber with high thermal conductivity for 5G base station
packaging comprising silylated GO/FeSiAl epoxy composites were fabricated by a simple solvent-
handling method, and its microwave absorption properties and thermal conductivity were presented.
It could act as an applicable microwave absorber for highly integrated 5G base station packaging with
5G antennas within a range of operating frequency of 2.575–2.645 GHz at a small thickness (2 mm),
as evident from reflection loss with a maximum of −48.28 dB and an effective range of 3.6 GHz.
Such a prominent microwave absorbing performance results from interfacial polarization resonance
attributed to a nicely formed GO/FeSiAl interface through silylation. It also exhibits a significant
enhanced thermal conductivity of 1.6 W/(mK) by constructing successive thermal channels.

Keywords: wave absorption; thermal conduction; 5G base station; packaging materials; epoxy resin

1. Introduction

With the popularization of 5G communication, 5G base stations are increasingly dis-
tributed. The 5G base station has a higher frequency band, an ultra large bandwidth, more
transmitting and receiving antennas, and more complex beamforming working modes
compared to 4G applications, which requires increasing power density and integration [1].
This may cause a series of problems. On one hand, a number of digital parts inside the
5G base station, such as high-frequency signal lines, pins of integrated circuits, and var-
ious types of connectors, may emit mass microwaves, affecting the normal operation of
microwave-sensitive elements inside and outside the 5G station [2,3]. It may also have
an interaction with living species [4]. On the other hand, higher power density gener-
ates more heat. This excess heat has difficulty exporting through thermal conduction
between electronic components, causing the temperature inside the base station to rise,
significantly reducing its operating life [5]. Therefore, the demand for heat-conducting and
wave-absorbing materials is growing rapidly. To solve this problem, thermally conductive
materials are applied on the surface of electronic components. However, since thermal
conductive material already occupies limited space inside of the device gap, there is no
space for additional wave-absorbing material [6]. Also, the continuous thermal path re-
quired for heat conduction will be drastically reduced once it is blocked by wave-absorbing
materials with low thermal conductivity [7]. Therefore, the demand for a material with
both heat-conducting and wave-absorbing properties is growing rapidly.
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Figure 1 shows the typical application and working mechanism of existing wave-
absorbing materials in 5G base stations. There are two widely used solutions—one is
microwave-absorbing thermal interface material (TIM) [8] by attaching a functional poly-
mer pad directly to the surface of the microwave or heat source so that the heat can be
directly transmitted to the shielding and dissipated. The second method is the form-in-
place (FIP) sealing gasket [9], which acts in the gaps at bulkhead joints and the gaps at
shielding joints to avoid the leakage of electromagnetic waves and the blocking of heat
conduction. Leading product providers include Laird Co., Nolato Co., FRD Co., etc. How-
ever, existing products either have a relatively low reflection loss of −10 dB with a low
thermal conductivity of 1 W/(mK) or have a high thermal conductivity but with no wave-
absorbing ability [10]. A material that combines both properties has yet to be developed.
The most widely used packaging materials for the 5G base station are polymer materials,
among which epoxy resin attracts attention for its excellent adhesive and mechanical prop-
erties. However, epoxy resins have poor thermal conductivity and microwave-absorbing
properties [11,12]. Normally, functional fillers are used in polymer materials to achieve
better thermal and magnetic properties. Recently, carbon materials have received extensive
attention thanks to their excellent dielectric properties as well as high electrical conduc-
tivity, such as carbon nanotubes, graphene, etc. [13–18]. Among them, graphene oxide
has residual defects and an amount of epoxy, hydroxyl, and carboxyl groups on its sur-
face. These factors may result in the transition from contiguous states to the Fermi level,
thus proposing an impedance match performance. Moreover, defect polarization relaxation
and groups’ electronic dipole polarization relaxation are also beneficial for enhancing their
wave-absorbing performance [19]. Last but not least, materials with 2D structures, such as
graphene and MXene, exhibit excellent thermal conducting and wave-absorbing properties.
Sun et al. [20] reported a self-assembly anchored MXene nanosheet loaded with CMWCNTs
with a maximum reflection loss of−46 dB at a thickness of 1.5 mm. Graphene has a thermal
conductivity of 5000 W/(mK) in the plane direction and 30 W/(mK) in the longitudinal
direction [21].

Figure 1. 5G base station (a) without wave-absorbing and heat conducting measure, (b) with wave
absorbing layers and FIP sealing strips.

Yet, simply using graphene oxide as a thermally conductive and wave-absorbing filler
for packaging material is impractical for several reasons. Firstly, due to its large specific
surface area, a very small amount of graphene oxide will have a huge impact on the fluidity
of the compounds [22]. It has been reported that pure graphene filling can only achieve a
maximum of−7 dB of reflection loss [19]. Secondly, graphene oxide, working as a dielectric
loss absorber and exhibiting a high reflection of microwaves, may emit microwave pollution
to the surroundings [22]. To improve this, many attempts have been made to combine GO
with magnetic particles. Zou et al. [23] developed Fe/GO nanocomposites by inserting
Fe3+ into GO followed by a reduced reaction in H2. The maximum reflection loss of 9 dB
was at 11–18 GHz. Li et al. [24] synthesized GO/Fe3O4/ iron phthalocyanine composites
using a facile one-step solvothermal method. They observed the maximum microwave
absorption of −27.92 dB at 10.8 GHz. Ghosh et al. [25] fabricated n-doped GO/MnCo2O4
nanocomposites using a facile hydrothermal method followed by an annealing process,
and the reflection loss was observed to fall in the range of −90 to −77 dB.

Nevertheless, the synthesis processes of the above studies are not practical for scaling
up production. Selecting a suitable magnetic particle and finding a feasible way to produce
the compound is important for rapid application. FeSiAl, as a type of soft magnetic alloy,
has become widely used in the microwave absorption field for its excellent magnetic
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properties such as high saturation magnetization and high eddy current loss causing by
its high permeability in the low-frequency range [26–28]. However, its high conductivity,
along with a low Snoek limit at a high frequency, limit its application [29–31].

In this study, a novel epoxy-based 5G base station packaging material with comprehen-
sive properties of high wave-absorbing ability and high thermal conductivity ability was
introduced, in which GO/FeSiAl particles were made and modified by γ-aminopropyl tri-
ethoxysilane in gentle solvent conditions. By combining these two particles, an impedance
match can be formed, improving its high-frequency range wave-absorbing ability [30].
Meanwhile, graphene has a large specific surface area and can act as an anti-settling
agent [32], providing another application advantage. Our work provides a simple and
practical way to produce multifunctional 5G base station packaging materials for appli-
cation at a large scale, which has an advanced reflection loss (RL) of −48.28 dB and a
wide effective range of 3.6 GHz within the range of operating frequency of 5G antennas of
2.575–2.645 GHz at a small thickness (2 mm).

2. Materials and Methods
2.1. Materials

Graphene powder was purchased from XFnano Inc. (Nanjing, China) and N-butylamine
(99.7%) was purchased from Macklin (Shanghai, China). γ-aminopropyl triethoxysilane
was purchased from Changhe Chemical Co., (Hangzhou, China), FeSiAl was purchased
from Mana New Material Co., (Changsha, China), Epoxy resin (BE 188EL) was purchased
from Changchun Chemical Co., (Taipei, Taiwan), and Polyetheramine (Jeffamine D-2000)
was purchased from Huntsman Corp., (The Woodlands, TX, USA).

2.2. Preparation of GO/Ethanol Suspension

The GO was prepared by oxidizing graphene powder using the Hummers’ method [33].
After oxidation, the obtained graphene oxide powder was washed several times using
deionized water through a centrifuge to remove the residual salts and acids. The GO
was then silylated according to Mastsuo’s method [34]. The washed GO was mixed with
a certain amount of butylamine for exfoliation and then subjected to ultrasonication for
30 min. The dispersion was refluxed at 60 ◦C for 60 min. Then, the exfoliated GO was cen-
trifuged with ethanol several times to remove the residual butylamine and was dispersed
into ethanol via ultrasonication for 30 min.

2.3. Preparation of Silylated GO@FeSiAl Nanoparticles

A certain amount of FeSiAl powder was added into GO/ethanol suspension at differ-
ent ratios. The weight ratio of FeSiAl and GO is listed in Table 1, and varied from 1000:1
to 10:1. Then, the GO/FeSiAl was dispersed into an ethanol/deionized water solution
(0.1 g/mL), in which the weight ratio of ethanol and deionized water was 9:1. The mixture
was stirred and refluxed for 3 h at 80 ◦C, while slowly dripping γ-aminopropyl triethoxysi-
lane (0.2 mg/mL). The silylated GO/FeSiAl was suction-filtrated and vacuum dried at
80 ◦C for 24 h. A group of pure GO without FeSiAl was created as the control group
compared to the GF groups. GO-1 was the GO having gone through all the processes but
without FeSiAl.

Table 1. The composition of the samples.

Samples Coupling Agent Content (mg/mL) Mass Ratio of FeSiAl (%) Mass Ratio of GO (%)

GO-1 0.2 0 1
GF-0 0 99 1
GF-1 0.2 100 0
GF-2 0.2 99.9 0.1
GF-3 0.2 99 1
GF-4 0.2 90 10
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2.4. Preparation of GO/FeSiAl Epoxy Compounds

The dried GO/FeSiAl powder was then mixed with epoxy resin and polyetheramine
using a planetary stir at a speed of 2000 rpm for 5 min, in which the active hydrogen
equivalent of epoxy resin and polyetheramine was 1:1. Then, the epoxy resin compound
was cured at 80 ◦C for 24 h. The resulting sample was called a GO/FeSiAl epoxy compound.

2.5. Characterization Techniques

The scanning electron microscope (SEM) images of particles were taken on a JSM-IT800
instrument, JEOL, Akishima-shi, Tokyo, Japan operating with 5 kV. The X-ray diffraction
(XRD) patterns of the compounds were acquired in the range of 10–90◦ on a D8 ADVANCE
instrument, Bruker, Billerica, MA, USA with CuKα radiation and a scanning rate of 3◦/min.
The Fourier transform infrared spectroscopy (FTIR) analysis of particles was recorded in
KBr in the form of a compressed pellet in the range of 400–4000 cm−1 on Vertex 70 V. Bruker,
Billerica, MA, USA.

Microwave absorption properties were characterized by measuring the magnetic and
dielectric properties of the compounds in the frequency range from 0.1 GHz to 18 GHz,
covering most of the microwave pollution frequency in our daily life, such as communi-
cation devices, satellite communications, radar, etc. [35]. The sample was prepared in the
shape of concentric circles with a thickness of 3 mm, an inner diameter of 3 mm, and an
outer diameter of 7 mm, and was tested using the coaxial method based on the ASTM
D5568-2a standard [36] , on an ENA Series Network Analyzer, N5080a Agilent, Santa Clara,
CA, USA. As shown in Figure 2, the concentric circle sample was put on the coaxial airline
(sample holder) and then accessed the coaxial transmission line through a connector to the
Network Analyzer. Then, the reflection loss was calculated using transmission line theory.
A detailed illustration of the fabrication and the characterization method is presented in
Figure 2.

Figure 2. Schematic illustration for the fabrication of GO/FeSiAl epoxy compounds and testing methods.

3. Results and Discussions
3.1. Morphology and Structural Analysis

SEM images of GO/FeSiAl composites with or without a coupling agent are displayed
in Figure 3. GF-3 presents a blurred interface of GO and FeSiAl, suggesting a good
compatibility, whereas GF-0 shows a clear interface, indicating poor compatibility. It can be
concluded that the use of coupling agents enhances the compatibility of GO and FeSiAl
particles, which is important for the generation of heterogeneous interfaces and a stronger
interfacial polarization loss.

Figure 4 shows the XRD spectra of GO, GO-1, FeSiAl, and GF-3. The diffraction peak at
2θ = 11◦ derived from GO shifted to the lower region in GO-1, indicating that the interlayer
space increased during the silylating process. It might be caused by long coupling agent
molecules attaching to the GO sheet surface and exfoliating the GO sheets, causing the
interlayer spacing to increase. In Figure 4 (c), there are three peaks associated with (220),
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(400), and (211) planes, consisting of the standard diffraction spectra of the body-centered
cubic structure, FeSiAl. There is a fairly gentle peak within the range of 2θ = 20◦ to 2θ = 35◦

of GF-3 (Figure 4 (d)) compared to FeSiAl, which is the characteristic peak of GO, indicating
that a small amount of GO was grafted onto FeSiAl.

Figure 3. SEM images of (a) GF-0 and (b) GF-3.

Figure 4. XRD spectra of (a) GO, (b) silylated GO, (c) FeSiAl, and (d) GF-3.

Figure 5 shows the FTIR spectra of the GF-0 and GF-3 samples. The absorption peak of
GF-0 at 3450 cm−1 is attributed to -OH from absorbing water and hydrogen bonds between
the layered structure of GO. In addition, the absorption peak of GF-3 at around 3450 cm−1

shifts to 3425 cm−1 and is lower than that of GO, indicating that the force between GO
layers is weakened and chemical bonding between GO and FeSiAl is generated instead.
The relative intensity of the peaks at 1637 cm−1 is derived from the C=O group, which
represents functional groups on the GO surface and becomes wider in GF-3, resulting from
several peaks overlapping each other. Those peaks are generated from the amide groups by
the carboxyl group on the GO surface reacting with the amino group on the coupling agent.
The peak at 1250 cm−1 represents the stretching and bending vibration of C-N groups in
the amide group or coupling agent. Moreover, the peaks around 1120 cm−1 and 1250 cm−1

are owing to the Si-O bond and the stretching and bending vibration of the C-N groups
overlapping each other, which may be from the amide group, products of the coupling
agent and epoxy groups, or the coupling agent itself. The peak at 658 cm−1 is owing to the
stretching vibration of N-H groups from amide or amino groups. Since FeSiAl is a metallic
compound and shows little or no transmittance, these results suggest that the coupling
agent was successfully grafted on GO.
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Figure 5. FTIR spectra of GO and GF-3.

3.2. Microwave Absorption Properties

To relieve the microwave absorption mechanism of the GO/FeSiAl/epoxy compound,
the influence of GO amounts on reflection loss, impedance matching, and the attenuation
constant was studied.

The electromagnetic properties were tested through the coaxial method within the
frequency range of 0 GHz to 18 GHz to reveal the relationship between the complex
permeability real part (µ′), the complex permeability imaginary part (µ′′), the relative
complex permittivity real part (ε′), the relative complex permittivity imaginary part (ε′′),
and the amount of GO in the compounds, as shown in Figure 6.

Figure 6a shows a decreasing trend of ε′ with increasing GO amounts, responding
to the ability of the material to store charge decreases. This can be explained through the
micro-capacitance model [37]. Neighboring FeSiAl presented in the matrix can be seen as
two flat plates of micro-capacitor. While GO conducts electricity very well and has poor
ability to stores electrons, therefor cannot form a micro-capacitor structure within itself or
with FeSiAl [38]. Thus, the addition of GO will destroy the micro-capacitor between the
FeSiAl and leads to a decrease in charge storing ability. In Figure 6b, the ε′′ values exhibit
an obvious peak in sample GF-1 and sample GF-2 with fewer or no GO. As the amount of
GO increases, more peaks appear at higher frequencies. These peaks can be ascribed to the
interfacial polarization resonance, indicating more GO-FeSiAl interface in the system as
well as defects and functional groups on the surface of GO resulting in higher interfacial
polarization. This contributes to higher microwave absorption at higher frequencies [39,40].
As the frequency rises, µ′ shows a collectively decreasing trend (Figure 6c). This may
be explained by high-frequency fields resulting in polarization hysteresis and dielectric
relaxation. This trend slows down as more GO is added. The complex permeability
imaginary part (ε′′) of GF-1 and GF-2 with a lower amount of GO presents a pronounced
and sharp peak at 0.3 GHz, which is attributed to the magnetic capacity of the FeSiAl
consuming electromagnetic energy, as shown in Figure 6d. The high-frequency shift to
2 GHz and widening of peaks for samples with a higher GO amount may be ascribed to the
suppression of eddy current resulting from the lower electric conductivity of GO-FeSiAl
compared to pure FeSiAl [41].
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Figure 6. Plots of (a) ε′, (b) ε′′, (c) µ′, and (d) µ′′ versus frequency for GO/FeSiAl epoxy compounds
with different GO amounts.

According to the transmission line theory, εr (εr = ε′ − jε′′) represents relative complex
permittivity and µr (µr = µ′ − jµ′′) represents relative complex permeability. The reflection
loss properties (RL) of the GO/FeSiAl epoxy compound can be calculated from εr and µr
through the following equations:

RL = 20lg
∣∣∣∣
zin − z0

zin + z0

∣∣∣∣ (1)

Zin = Z0

√
µr

εr
tan
(

j
2π f d

c
√

µrεr

)
, (2)

where Zin is the normalized impedance of the sample, Z0 is the free space impedance, f is
the frequency of the incident microwave, c is the velocity of light in free space, and d is
the thickness of the testing sample. The 3D projections of the reflection loss of the epoxy
composites from 0 mm to 5 mm thickness and of the 0 GHz to 18 GHz frequency variation
are shown in Figure 7. The black contour range of the effective bandwidth indicates an
RL value below −10 dB (90% absorption). All the epoxy composites have a fairly wide
area to within this standard. In the sample with pure silylated FeSiAl (Figure 7a), the
maximum reflection loss is −30.75 dB at 0.5 GHz and at a 4.95 mm thickness, with an
efficient bandwidth of 0.4 GHz. While, as shown in Figure 7b, with only 0.1% of GO
amount in the FeSiAl system, the maximum reflection loss increases by 10% to −34.00 dB
at 0.5 GHz, and the effective bandwidth increases by 20% to 0.5 GHz. However, epoxy
compounds with pure magnetic particles or a low GO amount show fairly narrow effective
bandwidths, and strong absorption peaks only fall in a very low frequency band. As shown
in Figure 7c for the GF-3 sample with 1% of GO, the maximum reflection loss increases to
−48.29 dB at 1.6 GHz and the effective bandwidth increases to 3.8 GHz, which exhibits a
wider bandwidth (3.8 GHz vs. 3.12 GHz [42] and 3.52 GHz [43]) and a higher refection loss
(−48.29 dB vs. −47 dB [44], −44.47 dB [42] and −48.08 dB [39]) in the most recent relevant
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literature, using FeSiAl as a microwave absorber. This provides a perfect match for 5G
station application, as the effective bandwidth just falls in the range of the 5G antennas’
operating frequency band in the 2.575–2.645 GHz range [45], as shown in Figure 8. It can
be concluded that, in most cases, the microwave reflection loss increased greatly as the GO
amount increased. However, it decreases as the amount of GO reaches 10% in GF-4, as
shown in Figure 7d. This might result from the decrease of complex permittivity. Overall,
controlling the amount of GO in GO/SiFeAl epoxy compounds can facilely adjust the
dissociation and frequency of the absorption peak.

Figure 7. Three-dimensional (3D) projections of reflection loss of epoxy composites with (a) GF-1,
(b) GF-2, (c) GF-3, and (d) GF-4.

Figure 8. Reflection loss of the epoxy compound with GF-3 at different thicknesses.

Factors affecting the performance of wave absorption also include impedance match-
ing and the attenuation constant. Generally, the closer the value of impedance matching
Z (Z = Zin/Z0) is to 1, the more the incident electromagnetic wave can enter the material
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without being emitted. Another parameter reflecting the attenuation characteristics is the
attenuation constant (α), which can be calculated through the following equation:

α =

√
2π f
c

√
(µ′′ε′′ − µ′ε′) +

√
(µ′′ε′′ − µ′ε′)2 + (µ′ε′′ + µ′′ε′)2. (3)

The attenuation constant reflects the material’s ability to dissipate electromagnetic
waves. However, a strong attenuation constant often leads to low impedance matching, so
it is necessary to balance the effects of both. The attenuation constant of the compounds
is shown in Figure 9 while the impedance matching is shown in Figure 10. As shown in
Figure 9, the attenuation constant increases as the amount of GO grows, indicating more
electromagnetic energy loss resulting from the porous structure and defects on the surface
of GO. However, GF-4 with the largest GO amount and the highest attenuation constant
shows a low reflection loss due to its low impedance matching as shown in Figure 10d,
which is consistent with the conclusion from the reflection loss results. In conclusion, 1% of
GO is a reasonable amount among others that reaches a balance between magnetic loss and
conductive loss.

Figure 9. Attenuation constant (α) of epoxy compounds.

Figure 11 is the schematic of the GO/FeSiAl microwave absorption mechanism. To
begin with, GO and FeSiAl can perform as wave-absorbing agents separately. GO has a
high dielectric loss from defect polarization and dipole polarization, while FeSiAl has a high
magnetic loss from eddy current loss at a low frequency and nature resonance at a higher
frequency. Then, since GO and FeSiAl have different polarity and conductivity, interfacial
polarization occurs at the interface between GO and FeSiAl, which contributes greatly to the
microwave dielectric loss. There is also conductive loss between FeSiAl interfaces. Finally,
GO and FeSiAl have a synergistic effect as, at a high frequency, GO can lower FeSiAl’s
permeability and prevent a skin effect, therefore forming a better impedance matching. It
can be concluded that the GO/FeSiAl epoxy compounds have strong absorption and a
broad effective bandwidth covering the operating frequency of 5G antennas with a thin
coating so that it could provide a potential means for efficient microwave absorption for a
5G base station.
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Figure 10. Impedance matching Z of epoxy composites with (a) GF-1, (b) GF-2, (c) GF-3, and (d) GF-4.

Figure 11. Schematic of the GO/FeSiAl epoxy compounds microwave absorption mechanism.

3.3. Thermal Conductivity Analysis

Figure 12 shows the thermal conductivity of GF-3/epoxy compounds in different
weight fractions. The thermal conductivity grows as the weight fraction increases, and a
sudden acceleration of growth occurs at 60%. This is because the epoxy matrix’s thermal
conductivity is very low compared to the filler itself. When the fraction of filler is low,
the epoxy matrix acts as a thermal barrier positioned between fillers [46]. When the filler
fraction reaches a certain point, a thermal channel is formed. The maximum result of
1.6 W/(mK) was obtained when the weight fraction of GF-3 in epoxy compounds was 90%,
which was 605% higher than that of pure epoxy, respectively.
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Figure 12. Thermal conductivity analysis of epoxy compounds with different ratios of GF-3.

4. Conclusions

Our work provides a simple and practical way to fabricate multifunctional 5G base
station packaging materials comprising silylated GO/FeSiAl/epoxy, which can be realized
by using a simple solvent-handling method. It could act as a small thickness microwave
absorber within a range of operating frequency for the 5G antennas of 2.575–2.645 GHz,
as evidenced by a reflection loss with a maximum of −48.28 dB and an effective range of
3.6 GHz. Such a prominent microwave absorbing performance results not only from the
interfacial polarization reasonance attributed to the nicely formed GO/FeSiAl interface
but also the synergistic effect from excellent impedance matching by GO compromising
FeSiAl’s high conductivity at a high frequency. It also exhibits a significantly enhanced
thermal conductivity of 1.6 W/(mK), performing a remarkable heat conducting ability by
constructing successive thermal channels. All in all, the GO/FeSiAl epoxy compounds
show promising results of strong absorption and a broad effective bandwidth covering the
operating frequency of 5G antennas with a thin coating so that it could provide potential
efficient microwave absorption for a 5G base station.
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Abstract: In this paper, comparative studies of hydrophilic and hydrophobic mesoporous silica
particles (MSPs) on the dielectric properties of their derivative polyester imide (PEI) composite
membranes were investigated. A series of hydrophilic and hydrophobic MSPs were synthesized
with the base-catalyzed sol-gel process of TEOS, MTMS, and APTES at a distinctive feeding ratio
with a non-surfactant template of D-(-)-Fructose as the pore-forming agent. Subsequently, the MSPs
were blended with the diamine of APAB, followed by introducing the dianhydride of TAHQ with
mechanical stirring for 24 h. The obtained viscous solution was subsequently coated onto a copper
foil, 36 µm in thickness, followed by performing thermal imidization at specifically programmed
heating. The dielectric constant of the prepared membranes was found to show an obvious trend: PEI
containing hydrophilic MSPs > PEI > PEI containing hydrophobic MSPs. Moreover, the higher the
loading of hydrophilic MSPs, the higher the value of the dielectric constant and loss tangent. On the
contrary, the higher the loading of hydrophobic MSPs, the lower the value of the dielectric constant
with an almost unchanged loss tangent.

Keywords: poly(ester imide); hydrophobic; mesoporous; silica; dielectric

1. Introduction

In a fully data-centric world populated with telecommunication devices of autonomous
vehicles, sensors, robots, and cloud-connected resources, networks need to transfer a greater
amount of data than the currently used 4G and 5G systems are capable of handling. To meet
the requirements, such as an extraordinary level of data reliability, low latency, low power
consumption and massive capacity, devices of the next generation of 5G and 6G wireless
communication technologies are expected to use millimeter wave bands (30–300 GHz) [1–5].
These high frequencies imply extreme device densities with small sizes and immunity to
interference, thus urging the development of new materials with unique properties and
structures with unorthodox designs [6,7].

The polyimide membrane is a high-performance polymer with good dielectric prop-
erties, thermal stability, and chemical resistance [8,9]. It is widely used in the electronic
industry. In recent years, with the vigorous development of mobile communication de-
vices, the demand for the size reduction in integrated circuits has driven the advanced
process line width of 7, 5, and 3 nm [10]. Low dielectric interlayer materials not only
reduce the current leakage of integrated circuits but also improve the capacitance effect
between wires, RC time delay, cross-talk, heat generation, and power dissipation in the new
generation of high-density integrated circuits [11,12]. Commercially available polyimide
has a dielectric constant between 3.1 and 3.6 [13], which is not enough for future develop-
ment. Hence, extensive research on polyimides with low dielectric constant materials was
reported [14–17].
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There are two main approaches to reducing the dielectric constant of the polyimide
polymer, both aiming at reducing the polarizability of the material: (1) introducing a fluorine
atom or lipid ring structure [18,19] and (2) increasing the free volume of the structural
skeleton or introducing air [20,21]. The dielectric constant of air is 1 [22], which is intrin-
sically low in comparison to water, which is approximately 80 [23]. Introducing air into
the polyimide structure effectively reduces the dielectric constant of the overall material.
This porous structure could be achieved through the direct introduction of air, such as
polyimide aerogels, which requires a time-consuming solvent exchange process and the
precise conditioning of a drying method. Another method is compositing with other porous
materials. Mesoporous silica has gained much attention in recent research as a molecular
sieve and has already been explored in organic and inorganic composites to achieve low
dielectric constant materials [24]. The preparation of mesoporous silica could be further
differentiated into silica with regular porous structures and irregular porous structures.
Stucky et al. and Kresge et al. both demonstrated the formation and modification of MCM-
41 silica using a surfactant as a template, which requires high-temperature calcination to
remove the temperate [25,26]. This method is industrially unfavorable due to its high energy
requirement and the nature of processing complications. To form silica with irregular poros-
ity, Yen et al. conducted extensive research on a nonsufactant template method forsol-gel
process using a hydroxy-carboxylic acid as a template [27–29]. In the same period, Yen et al.
proposed a novel one-step method for enzyme encapsulation in mesoporous material using
D-glucose as a template [30]. Furthermore, according to the study [31], the ester segment
functional group is the dominant factor for low water uptake; thus, the PEI polymer system
is a promising candidate as a novel dielectric substrate material for use in the next generation
of high-performance flexible printed circuit boards operating at higher frequency (10 GHz).

Therefore, in this study, we attempted to prepare a PEI membrane with lower dielectric
properties (e.g., the dielectric constant and loss tangent) by incorporating hydrophobic
MSPs, which could effectively decrease the dielectric constant of the PEI membrane by
introducing a large amount of air into the porous channels and significantly decreasing the
absorption amount of moisture by the MSPs. The hydrophobic MSPs were synthesized via
a base-catalyzed sol-gel reaction with D-(-)-Fructose as a non-surfactant template. Subse-
quently, the hydrophobic inorganic MSPs were introduced into the organic PEI membrane
with a lower loss tangent to prepare the organic-inorganic hybrid membranes with a lower
dielectric constant and loss tangent simultaneously. Moreover, the hydrophilic MSPs were
also synthesized as a control experiment. The characterizations of the hydrophilic and
hydrophobic MSPs were investigated and compared using FTIR, 13C-NMR, 29Si-NMR
spectra, and EDS. The physical properties of the hydrophilic and hydrophobic MSPs were
studied and compared using SEM, TEM, CA, TGA, and BET. Subsequently, comparative
studies for the effect of hydrophilic and hydrophobic MSPs on the dielectric properties
of the PEI and its corresponding composite membranes were systematically investigated.
The mechanical strength, thermal properties, and surface wettability of the PEI and its
corresponding composite membranes were also investigated using the tensile test, TGA,
and CA, respectively.

2. Experiment
2.1. Materials

p-Phenylene bis(trimellitate) dianhydride (TAHQ) and 4-Aminophenyl-4-aminobenzoate
(APAB) were both obtained from SHIFENG TECHNOLOGY CO., LTD (Tainan City, Tai-
wan) and were dried in an oven overnight before use. Tetraethyl orthosilicate (TEOS),
trimethoxymethylsilane (MTMS), and ammonium hydroxide, (ACS reagent, 28.0–30.0%
NH3 basis) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received.
Triethoxysilane (3-Aminopropyl) (APTES) and D-(-)-Fructose, both of 99% purity, were
purchased from Sigma-Aldrich and used as received. N-Methyl-2-pyrrolidone (NMP) was
purchased from Macron and stored in a container with molecular sieves overnight before
use. Ethanol was purchased from J.T. Baker and used as received.
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2.2. Instrumentation

All samples were characterized through an attenuated total reflectance FT-IR in the
form of potassium bromide (KBr) powder-pressed pellets. Both the 13C and 29Si MAS solid-
state NMR experiments were performed on a 400 MHz solid-state NMR spectrometer. 13C
MAS NMR spectra were obtained at 100.63 MHz with 7 kHz applying 90◦ pulses and 2.0 s
pulse delays. 29Si MAS NMR spectra were recorded at 79.49 MHz applying 90◦ pulses, 300 s
pulse delays, and 5.0 ms of contact time, with samples in 5.0 mm zirconia rotors spinning
at 7 kHz. The surface morphologies of the superhydrophobic samples were observed by
using SEM (JOEL JSM-7600F). The silica dispersion was detected using energy dispersive
spectroscopy (EDS) (Oxford xmax 80). The crystallographic structure of the polymer was
studied with the X-ray diffraction (XRD) pattern on a Bruker D8 Advance Eco instrument
using Cu Kα radiation (λ = 1.5418 nm, 40 kV, 25 mA) at a scanning rate of 2◦ min−1.
Thermogravimetric analysis (TGA) was used to analyze the thermal stability and moisture
content of the sample under N2 at constant pressure, with a temperature elevation rate of
10 ◦C/min, from 30 ◦C to 800 ◦C. The tensile strength, elongation at break, and Young’s
modulus were tested and recorded using a Hung Ta HT-9102 tensile test machine. Brunauer-
Emmett-Teller (BET) data were obtained by performing nitrogen adsorption/desorption
isotherms and accelerated surface area porosity analysis on Micromeritics ASAP-2010.
The hydrophilicity of the sample was tested based on the contact angle (CA) of the water
droplets on the prepared sample. The results were measured with a contact angle FTA125
instrument. The microstructure and surface morphology were studied using a transmission
electron microscope (TEM) and scanning electron microscope (SEM), respectively. Lastly,
all prepared samples were tested under impedance spectroscopy at 10 GHz with an AET
Microwave Dielectrometer to measure their loss tangent and capacitance. The dielectric
constant κ was calculated from the equation listed below, where C is the capacitance, ε0
is the absolute dielectric constant, A is the component electrode surface area, and d is
the thickness.

C =
κε0A

d

2.3. Synthesis of the Hydrophilic and Hydrophobic MSPs

The fundamental design concept to synthesize the MSPs was to perform the base-
catalyzed sol-gel process and to create the worm-like porous channels through a non-
surfactant template route, as shown in Scheme 1. To prepare the hydrophilic MSPs, the
base-catalyzed sol-gel reactions of TEOS and APTES (with a hydrophilic -NH2) at a specific
feeding ratio in the presence of the non-surfactant template of D-(-)-Fructose as the pore-
forming agent was used. Moreover, to prepare the hydrophobic MSPs, the sol-gel reactions
of TEOS, APTES (with a hydrophilic -NH2), and MTMS (with a hydrophobic -CH3) at a
specific feeding ratio in the presence of D-(-)-Fructose were also employed. The detailed
formulations to synthesize the hydrophilic MSPs (A1, A2, and A3) and hydrophobic MSPs
(M1 and M2) are shown in Table 1. The flowchart of synthesizing the hydrophilic MSPs
(A1–A3) and hydrophobic MSPs (M1 and M2) via the base-catalyzed sol-gel reaction
in the presence of D-(-)-Fructose is illustrated in Scheme 2. The typical representative
procedure to synthesize the hydrophilic and hydrophobic MSPs was as follows: Based
on the formulation presented in Table 1, an appropriate amount of D-(-)-Fructose was
poured into a double-layer beaker containing 200 mL of ethanol and 100 mL of deionized
water with magnetic stirring at 35 ◦C. Subsequently, 9.0 mL of concentrated ammonia
was dropped into the previous beaker while stirring. Three sol-gel precursors (i.e., TEOS,
APTES, or MTMS) at specific feeding ratios were injected into the beaker with a syringe
with magnetic stirring for 48 h. The synthesized products were collected by centrifuging
the solution and then ultrasonically washing the collected paste with ethanol and water 3
and 10 times, respectively, to remove the D-(-)-Fructose. The washing of the products was
followed by the freeze-drying procedure to obtain the final hydrophilic MSPs (A1, A2, and
A3) and hydrophobic MSPs (M1 and M2).
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2.4. Preparation of PEI Composite Membranes Containing Hydrophilic and Hydrophobic MSPs

To prepare the PEI composite membrane, distinctive MSPs were incorporated into
the polyester imide at specific feeding ratios; the detailed formulations for the preparation
of the composite membranes are shown in Table 2. A typical procedure to prepare the
composite membrane was as follows: First, a suitable amount of diamine monomer was
dissolved in a 3-neck rounded flask with 40 g of NMP at room temperature under a nitrogen
atmosphere. Subsequently, different ratios of MSPs were then stirred into the mixture. A
specific amount of dianhydride was then introduced with magnetic stirring for 24 h. As the
reaction time increased, the viscosity of the MSP-containing mixing solution was gradually
increased to produce the poly(ester amic acid) (PEAA)/MSP composites, followed by
coating on top of a copper foil with a blade coater.

Subsequently, the prepared mixing solution was followed by performing a thermal
imidization reaction to form a polyester imide (PEI). The programmed heating conditions
were as follows: (150 ◦C, 5 min), (200 ◦C, 5 min), (250 ◦C, 5 min), (300 ◦C, 30 min), and
(350 ◦C, 30 min). After immersing the PEI-coated copper foil in an acid etching solution
for 30 min, the final PEI membrane was then obtained, which was 36 µm in thickness. The
flowchart for the preparation of the PEI composite membranes containing hydrophilic and
hydrophobic MSPs is shown in Scheme 3.
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3. Results and Discussion

In this section, the characterization of the prepared materials was classified into two
parts: the inorganic MSPs and organic-inorganic PEI composite membranes.

3.1. Characterization of the Hydrophilic and Hydrophobic MSPs
3.1.1. FTIR Spectra

Figure 1 shows the representative FTIR spectra of the synthesized distinctive MSPs
(i.e., A1, A2, A3, M1, and M2). First, the characteristic peak for the symmetrical absorption
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peak of Si-O-Si appeared at the wavenumber of 950 cm−1. Moreover, the characteristic
peak for the asymmetric absorption of Si-O-Si appeared at the position of 1036 cm−1 [32].
A broad-band peak of Si-OH was observed from 3000 to 3700 cm−1. The characteristic
peak that appeared at the position of 1638 cm−1 was assigned to be the bending of a
hydrophilic primary amine -NH2 [33], which confirmed the participation of APTES in the
sol-gel reactions for the A1, A2, and A3 MSPs. On the other hand, for the characterization
of the M1 and M2 hydrophobic MSPs, the characteristic peak for the asymmetric absorption
of Si-CH3 and hydrophobic -CH3 was observed at the positions of 1279 and 2968 cm−1 [34],
respectively, which confirmed the participation of MTMS in the sol-gel reactions of M1
and M2. Furthermore, it is worth noting that the bonding between MTMS and APTES on
the surface is triple bonding. Certain studies [35–37] have mentioned that in the spectra
of FT-IR, the peaks at 1050–1150 cm−1 are characteristic of C-O-C, Si-O-C, and Si-O-Si
stretching. This was observed in this study in Figure 1.
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Figure 1. ATR-FTIR spectra of the hydrophilic (a) A1, (b) A2, and (c) A3 MSPs, as well as the
hydrophobic (d) M1 and (e) M2 MSPs.

3.1.2. Solid-State 29Si-NMR Spectra

Figure 2 shows the solid-state 29Si-NMR spectra of the hydrophilic and hydrophobic
MSPs. For example, Figure 2a–c exhibits the solid-state 29Si-NMR spectra of the hydrophilic
A1, A2, and A3 MSPs. The hydrophilic characteristics of A1~A3 were attributed to the
hydrophilic group of the primary amine from APTES reacting with TEOS via the base-
catalyzed sol-gel reactions. For the characterization of the hydrophilic MSPs, the T3 signal
of APTES was observed at the chemical shift of ~−60 ppm. Moreover, the Q3 and Q4

signals of TEOS were observed at chemical shifts of −101 ppm and −110 ppm [38,39],
respectively. However, the signal intensity and integral area of the Q series were found to
be larger than those of the T series, which may be attributed to the higher feeding molar
ratio of TEOS than that of APTES. On the other hand, Figure 2d,e are the solid-state silicon
NMR spectra of the hydrophobic M1 and M2 MSPs. The hydrophobic characteristics of M1
and M2 were attributed to the hydrophobic -CH3 from MTMS reacting with TEOS via the
base-catalyzed sol-gel reactions. However, the signal intensity and integral area of the T
series were found to be larger than those of the Q series, which may be attributed to the
higher feeding molar ratio of APTES and MTMS than that of TEOS.
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Figure 2. Solid-state 29Si-NMR spectra of the hydrophilic (a) A1, (b) A2, and (c) A3 MSPs, as well as
the hydrophobic (d) M1 and (e) M2 MSPs.

3.1.3. Solid-State 13C-NMR Spectra

Figure 3 reveals the solid-state 13C-NMR spectra of the hydrophilic and hydrophobic
MSPs. Figure 3a–c shows the hydrophilic A1, A2, and A3 MSPs modified by APTES. In
these hydrophilic MSPs, the chemical shifts of carbon for a, b and c were found to appear
at the positions at approximately 43 ppm, 22 ppm, and 10 ppm [40], respectively, which
indicated the participation of APTES in the sol-gel reactions of A1, A2, and A3. On the
other hand, the hydrophobic M1 and M2 MSPs modified by MTMS were prepared by
incorporating a small amount of hydrophilic APTES and a large amount of hydrophobic
MTMS. Figure 3d,e shows the solid-state 13C-NMR spectra for the hydrophobic M1 and M2
MSPs modified by APTES and MTMS. In these MSPs, the chemical shifts of carbon for a, b
and c were found to appear at positions at approximately 43 ppm, 22 ppm, and 10 ppm [40],
respectively, which indicated the participation of APTES in the sol-gel reactions of M1
and M2. Moreover, the chemical shift of carbon for d was found to appear at the position
of −3.5 ppm, which confirmed the participation of MTMS in the sol-gel reactions of M1
and M2.
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3.1.4. Energy Dispersive Spectroscopy (EDS)

The elemental analysis of the EDS spectra for the three hydrophilic MSPs (A1, A2, and
A3) confirmed that the EDS data of A3 exhibited the highest N element content of 1.29 wt-%,
and A1 revealed the lowest content of 0.72 wt-%, which was consistent with the highest
and lowest initial feeding ratios of APTES in A3 and A1, respectively, as summarized in
Table 1.

3.2. Physical Properties of MSPs
3.2.1. Surface Morphology of the Hydrophilic and Hydrophobic MSPs (SEM)

The SEM images of the surface morphologies for the hydrophilic MSPs (A1, A2, and
A3) were found to be spherical, as shown in Figure 4a–c. It should be noted that with the
increase in APTES content in the hydrophilic MSPs, an increase in the diameter of silica
particles occurred. For example, the average hydrophilic MSP diameters of A1, A2, and A3
were ~800 nm, ~1000 nm, and ~1200 nm, respectively. It indicated that a higher loading of
amino-silane may slightly increase the diameter of the corresponding hydrophilic MSPs.
This conclusion is consistent with the previous publication reported by Krysztafkiewicz
et al. [41]. At the same time, the surface morphologies of the M1 and M2 MSPs modified by
the fixed feeding ratio of MTMS6 with different dosages of the pore-forming agent were
found to be irregular in shape, as shown in Figure 4d,e.
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3.2.2. Transmission Morphology of the Hydrophilic and Hydrophobic MSPs (TEM)

This section may be divided into subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that could be drawn. For the TEM observation, the MSP samples were first
dispersed in ethanol, followed by dropping on the copper mesh for the observation of
the TEM image; the darker and brighter regions of the TEM imagery indicated that the
thickness of the silica particle wall was thicker and thinner, respectively. For example, the
TEM image of hydrophilic MSPs (A1, A2, and A3) is shown in Figure 4f, Figure 4g, and
Figure 4h, respectively. Moreover, the TEM images of the M1 and M2 MSPs were found to
exhibit a mesoporous structure, as shown in Figure 4i and Figure 4j, respectively.

3.2.3. Surface Wettability

In these studies, the hydrophilic MSPs (A1, A2, A3) and hydrophobic MSPs (M1 and
M2) in powder form were first fabricated into the shape of a powder-pressed pellet before
performing the CA measurements of the water droplets. It should be noted that the CA of
three hydrophilic MSPs (i.e., A1, A2, and A3) could not be detected, as shown in Figure 5a,
which might be attributed to the super-hydrophilic characteristics of the prepared MSPs
modified with a primary amine group. Moreover, the CAs of the two hydrophobic MSPs
(i.e., M1 and M2) were both found to be ~127◦, as shown in Figure 5b. This indicated that
the incorporation of MTMS into the MSPs may effectively increase the CA of the hydrophilic
MSPs, which was attributed to the introduction of the hydrophobic -CH3 group. All the
data of the CA measurements of the water droplets for the MSPs are summarized in Table 1.
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3.2.4. Determination of the Moisture Absorption of the MSPs with TGA

The TGA of the five distinctive hydrophilic and hydrophobic MSPs was operated at
temperatures ranging between 30 ◦C and 800 ◦C in the air at a heating rate of 10 ◦C/min,
as shown in Figure 6. In this study, the moisture absorption of MSPs was defined as the
weight loss at 200 ◦C, and the data are summarized in Table 1. The moisture absorptions
of the hydrophilic MSPs (A1, A2, and A3) were estimated at weight losses of 4.15, 4.24,
and 7.68 wt-%, respectively, as shown in Figure 6. It indicated that the A3 sample revealed
the highest hygroscopicity. The significant weight loss observed at 100 ◦C is the water
content from the A3 MSPs. Compared to A1 and A2, A3 possessed the highest content of
hydrophilic functional groups. Hence, it absorbed more moisture at RT.
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and M2).

On the other hand, the moisture absorptions of the hydrophobic MSPs (M1 and M2)
were estimated at weight losses of 0.58 and 0.45 wt-%, respectively, as shown in Figure 6. It
demonstrated that M2 exhibited the lowest hygroscopicity. These results confirmed that
the MSP modified by MTMS could effectively improve the corresponding hydrophobicity
compared to that of MSPs modified by APTES. Moreover, the lower hygroscopicity of M2
as compared to that of M1 may be attributed to the hydrophobic -CH3 attached to the
higher specific surface area of the MSP resulting from the higher dosage of the pore-forming
agent. It should be noted that the trend of the MSP’s moisture absorption determined with
the TGA was consistent with the previous studies of the CA measurements of the water
droplets. All the data on the moisture absorptions of the MSPs are summarized in Table 1.

3.2.5. BET Analysis of the MSPs

Figure 7a,b exhibit the N2 adsorption-desorption isotherm and pore diameter distribu-
tion curves of the hydrophilic MSPs, respectively. It should be noted that a higher loading
of APTES in the MSPs resulted in a smaller specific surface area. This indicated that the
trend of the specific surface area for the hydrophilic MSPs was A1 (469 ± 12 m2/g) > A2
(402 ± 21 m2/g) > A3 (384 ± 14 m2/g). The slightly decreasing surface area of the MSPs
with higher APTES may be attributed to the longer chains of primary amines of APTES
existing inside the mesoporous channel after the removal of D-(-)-Fructose. The average
pore size distributions of the A1, A2, and A3 MSPs were 2.9, 3.0, and 2.7 nm, respectively.
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Figure 7c,d exhibit the N2 adsorption-desorption isotherm and pore diameter distri-
bution curves of the hydrophobic MSPs, respectively. It should be noted that a higher
loading of MTMS in the MSPs resulted in a larger specific surface area. This indicated
that the specific surface area for the hydrophobic MSPs was M2 (771 ± 14 m2/g) > M1
(548 ± 12 m2/g). The specific surface area of the hydrophobic M2 MSP compared to that
of M1 was attributed to the higher loading of the pore-forming agent, which is consistent
with a previous report [42]. The average pore size distributions of the M1 and M2 MSPs
were found to be ~4.9 and ~6.2 nm, respectively. All the data of the BET analysis of the
surface areas, pore volumes, and average pore diameters for the five distinctive MSPs are
summarized in Table 1.

3.3. Characterization of the MSP-Based PEI Composite Membranes
3.3.1. ATR-FTIR Spectra

In this study, the characterizations of the MSP-based PEI composite membranes were
measured with ATR-FTIR, as shown in Figure 8. It should be noted that FTIR spectra of
all composite membranes revealed the characteristic peaks of Si-O-Si groups except that
of the neat PEI membrane. For example, the characteristic symmetric and asymmetric
absorption peaks of Si-O-Si were found to appear at wavenumbers of 950 cm−1 and
1036 cm−1, respectively [32]. On the other hand, the characteristic peak that appeared at
the position of 735 cm−1 was attributed to the formation of the imide ring, which indicated
the successful preparation of the PEI with thermal imidization [42]. However, a redshift
was clearly observed for the PEI/MSP composite at this characteristic peak. According
to Okada et al. [43], the reason for the possible redshift in the spectrum of the imide ring
functional groups may be that the PEI is an ordered molecular chain, while silica has a
network structure. When silica and imide ring are combined, the intervention of steric
barriers deforms the orderly arrangement into an out-of-order one, thus producing a
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redshift phenomenon. Moreover, the characteristic peaks that appeared at the position of
1705 cm−1 and 1770 cm−1 were assigned to be the symmetric stretching of the imide ring
and asymmetric C=O stretching of the imine ring, respectively [37].
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Figure 8. ATR-FTIR spectra of the polyester imide (PEI) and its corresponding composite membranes
containing hydrophilic MSPs (A1, A2, and A3) and hydrophobic MSPs (M1 and M2).

3.3.2. XRD Pattern

In this characterization, the crystal behavior of the PEI membrane in the presence
of the hydrophilic and hydrophobic MSPs was studied using the XRD pattern, as shown
in Figure 9. The Bragg angle of 2θ = ~22◦ indicated that all prepared samples were of
amorphous materials, attributed to the presence of the MSPs [44]. The orderly arrangement
of the PEI molecules was disrupted in the presence of the MSPs, therefore leading to
a decrease in the crystallinity of the PEI membranes. The full width at half maximum
(denoted by FWHM) of the XRD profile was sensitive to the variation in the microstructure
and stress-strain accumulation in the material. The FWHM value is inversely proportional
to the crystallite size (Scherrer’s formula), meaning the broader the peak, the smaller the
crystallite dimension [45]. For example, by incorporating 1 wt-% A1, A2, and A3 MSPs, the
FWHM value of the PEI increased from 3.2 to 3.4, 3.5, and 3.5, respectively, indicating that
the incorporation of the A1, A2, and A3 MSPs into the PEI may decrease the crystallite size
of the PEI membrane, as shown in Figure 9a and Table 2. On the other hand, incorporating
1 wt-% of the M1 and M2 MSPs, the FWHM value of the PEI increased from 3.2 to 3.3
and 3.3, respectively. It indicated that the PEI composite membranes incorporating 1 wt-%
hydrophobic MSPs exhibited a lower FWHM value than that of 1 wt-% hydrophilic MSPs.
Moreover, the higher loading of M2 in the PEI composite membranes may result in a higher
FWHM value, reflecting a decrease in the crystallite size of the PEI membrane.
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3.4. Physical Properties of MSP-Based PEI Composite Membranes
3.4.1. Dielectric Properties

In this study, the high-frequency dielectric measurement used the resonant cavity with
impedance spectroscopy to measure the microwave dielectric of the substance, and the
measured frequency used was 10 GHz. The dielectric constant and loss tangent of the PEI
composite membranes containing the MSPs was measured in the 10 GHz frequency band,
as summarized in Table 2. For example, the dielectric constant (Dk) and loss tangent (Df) of
the neat PEI were 3.27 and 0.007, respectively. By incorporating 1 wt-% hydrophilic A1, A2,
and A3 MSPs, the Dk of the corresponding PEI composite membrane was found to increase
up to 3.43, 3.46, and 3.92, respectively. The Df increased up to 0.011, 0.012, and 0.015,
respectively. The obvious increase in the dielectric constant and loss tangent in the PEI by
incorporation of 1 wt-% hydrophilic MSPs may be attributed to two possible reasons: the
higher moisture absorption and smaller crystallite size of the PEI membrane. The weight
percentage of the moisture absorption of the PEI and corresponding composite membranes
of PEI-A1-1, PEI-A2-1, and PEI-A3-1 were estimated to be 0.73, 0.95, 0.98, and 1.18 wt-%,
respectively, based on Figure 6 and Table 2. According to the previous publications, the Dk
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and Df values of H2O at room temperature tested under 10 GHz were reported to be ~80
and ~0.47 [46]. Therefore, the PEI composite membranes with higher moisture absorption
capabilities may reveal higher Dk and Df values.

On the other hand, by incorporating 1 wt-% hydrophobic M1 and M2 MSPs, the Dk
of the corresponding PEI composite membrane was found to be suppressed to 3.24 and
3.18, respectively. In comparison, the Df retained roughly the same values as the PEI
alone, which were 0.009 and 0.008, respectively. The weight percentage of the moisture
absorptions of the PEI-M1-1 and PEI-M2-1 PEI composite membranes were estimated to
be 0.69 and 0.52 wt-%, respectively, based on the TGA investigation. The decrease of the
Dk may be attributed to two possible reasons: (1) the low moisture absorption of the PEI
or (2) the high surface area of silica with worm-like pore channels. First, the low moisture
absorption of the PEI membrane may be related to the incorporation of the hydrophobic
MSPs (M1 and M2). Second, the higher surface area may lead more air (Dk of air = ~1)
into the porous channel of the hydrophobic MSP1s, reflecting a decrease in the Dk of the
PEI membrane.

For the studies of the dielectric properties of the PEI composite membrane containing
the M2 MSP at different loadings, the Dk of the PEI composite membrane containing 1 wt-%,
2 wt-%, and 3 wt-% of M2 were found to be 3.18, 2.97, and 2.93, respectively. On the other
hand, the Df of the PEI composite membrane containing 1 wt-%, 2 wt-%, and 3 wt-% of M2
were found to be 0.008, 0.008, and 0.009, respectively.

3.4.2. Mechanical Strength

The tensile modulus and elongation at the break of the PEI membrane were measured
using the tensile test, according to ASTM D882 [47], and were found to be 11.26 MPa and
1.48%, respectively. By incorporating 1 wt-% hydrophilic MSPs, the tensile moduli of the
PEI composite membranes containing 1 wt-% of A1, A2, and A3 were found to decrease
to 4.03, 4.80, and 5.48 MPa, respectively. Moreover, the elongations at the break of the PEI
composite membranes containing 1 wt-% of A1, A2, and A3 were found to increase to
2.15%, 2.52%, and 2.75%, respectively.

On the other hand, by incorporating 1 wt-% hydrophobic MSPs, the tensile moduli of
the PEI composite membranes containing 1 wt-% of M1 and M2 were found to significantly
increase to 10.22 MPa, and 16.23 MPa, respectively. At the same time, the elongations at
the break of the PEI composite membranes containing 1 wt-% of M1 and M2 were found
with noticeable reductions, which were 1.64% and 1.20%, respectively. It indicated that
the incorporation of the hydrophobic M2 MSP with a higher surface area of 771 m2/g
promoted the mechanical strength and decreased the elongation at the break of the PEI
membrane simultaneously as compared to the hydrophobic M1 MSP with the lower surface
area of 548 m2/g.

Eventually, by incorporating the M2 hydrophobic MSP at different feeding ratios of
1 wt-%, 2 wt-%, and 3 wt-% in the PEI membrane, the mechanical strengths of the neat PEI
were found to be 16.23, 18.95, and 6.68 MPa of the PEI composites, respectively. Moreover,
the elongations at the break of the neat PEI composites decreased from 1.20% to 1.19% and
then escalated to 1.65%. It implied that, by comparing the 1 and 2 wt-% loading of M2,
the higher the loading of M2 in the PEI membrane, the higher the mechanical strength
and the lower the elongation at the break of the composite membranes. The decrease of
the mechanical strength and increase in the elongation at the break of the PEI composite
membrane at 3 wt-% of M2 loading may be attributed to the M2 particle aggregation that
occurred at the higher loading of the MSPs. All test measurements are collectively listed in
Table 2.

It is speculated that there was physical crosslinking caused by the strong interfa-
cial interaction between the PEI molecules and MSPs. This may be the core reason for
the strengthening effects observed. Within an appropriate range of crosslinking density,
both a strengthening and toughening effect was observed. However, excessive incorpo-
ration would lead to agglomerates, which create defects within the polymetric structure,
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hence decreasing the overall mechanical properties. Although it is widely believed in a
rubber/polymer system, the strengthening effect is a result of void formation in rubber
particles under stress [48], it is unlikely to be what was found in this PEI/MSP composite
system since the Si-O bond is too strong to be broken before the failure of the composite.

3.4.3. Moisture Absorption and Thermal Stability Determined with TGA

This section is divided into subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that could be drawn. The moisture absorption and decomposition temperature
(T5d) of the PEI membranes were investigated with TGA, as shown in Figure 10 and Table 2.
The experimental conditions were as follows: the operational temperature of the TGA study
for the prepared membrane samples was run from 30 ◦C to 800 ◦C under atmospheric
conditions at a heating rate of 10 ◦C/min.
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Figure 10. TGA curves for the PEI and its corresponding composite membranes containing five
distinctive MSPs (A1, A1, A3, M1, and M2).

First, the moisture absorption amount of the PEI and corresponding composite mem-
branes was defined as the weight loss of the TGA curve at 200 ◦C. Therefore, the moisture
absorption of the neat PEI membrane was estimated at ~0.73 wt-%, which may be due to
the appearance of oxygen and nitrogen atoms on the surface of the neat PEI membrane. By
introducing the hydrophilic A1, A1, and A3 MSPs, the moisture absorption of the composite
membranes increased up to 0.95, 0.98, and 1.18 wt-%, respectively. On the other hand, by
introducing the hydrophobic MSPs (M1 and M2), the moisture absorption of the composite
membranes decreased to 0.69 and 0.52 wt-%, respectively. Moreover, by introducing the
hydrophobic M2 MSP at four different feeding ratios of 0.5 wt-%, 1 wt-%, 2 wt-%, and
3 wt-% in the PEI membrane, the moisture absorption of the composite membranes was
further decreased to 0.61, 0.52, 0.38, and 0.45 wt-%, respectively.

Second, the T5d of the PEI and its corresponding composite membranes were also
determined with the weight loss from the TGA curve at 5 wt-%. It should be noted that
all PEI membrane samples exhibited T5d 400 ◦C. First, the T5d of the neat PEI membrane
appeared at 445.8 ◦C. Moreover, the T5d of the PEI membrane containing the hydrophilic
MSPs (A1, A2, and A3) were located at 453.8, 445.0, and 443.9 ◦C, respectively.

On the other hand, the T5d of the PEI membrane containing the hydrophobic MSPs of
M1 and M2 were 461.0 and 470.4 ◦C, respectively. It indicated that the hydrophobic M2 MSP
with a higher surface area might have stronger chemical bonds between the primary amine
groups inside and outside the mesoporous silica channels with the dianhydride groups of
TAHQ, simultaneously leading to higher mechanical strength and thermal decomposition
temperature.
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The T5d of the PEI membrane containing the hydrophobic M2 MSP at four different
feeding ratios of 0.5 wt-%, 1 wt-%, 2 wt-%, and 3 wt-% were found to be 424.8, 470.0,
486.6, and 463.9 ◦C, respectively. It implied that, up to the 2 wt-% loading of M2, a
higher loading of M2 in the PEI membrane resulted in a higher thermal decomposition
temperature of the composite membranes. However, the increase in the T5d of the PEI
composite membrane at 3 wt-% of M2 loading may be attributed to the following two
reasons: (1) the M2 particle aggregated at higher loading of MSPs, resulting in decreased
chemical bond formation between the -NH2 of M2 and the dianhydride of TAHQ or (2) the
excessive amount of hydrophobic M2 particles existing in the solution of APAB and TAHQ
retarded the polymerization reactions.

3.5. Discussion

The hydrophobic mesoporous silica powder prepared in this research experiment only
used a methyl functional siloxane modifier for the hydrophobic modification. In future
studies, non-fluorine-based modifier formulations could be considered as substitutions,
such as siloxane with hydrophobic functional groups, including phenyl, vinyl, and ester
groups could be adapted to modify the mesoporous silica. In addition, dispersibility could
be studied and discussed by adjusting the particle size of the powder. The conditions of
the sol-gel method could also be investigated in detail, such as varying the pH value of
the synthesis environment. This could adjust the particle size of the powder, i.e., adjust
the organic and inorganic phases, finding better compatibility. In addition, to achieve
commercially practical applications, yield is also an important key factor because it is related
to the cost of goods. The high specific surface area hydrophobic mesoporous silica powder
M2 prepared in this study had a yield of approximately 25%, so it is bound to be optimized
through conditions to improve the yield before it could be used in practical applications.

Table 1. Formulation and analytical data of the BET, CA, TGA, and EDS for the hydrophilic MSPs of
A1, A2, and A3 as well as the hydrophobic MSPs of M1 and M2.

Sample
Code

D-(-)-
Fructose TEOS APTES

(-NH2)
MTMS
(-CH3) BET CA TGA@200 ◦C EDS

(Atomic%)

Unit g mmole mmole mmole
Surface

Area
(m2/g)

Pore
Volume
(cm3/g)

Average
Pore

Diameter
(nm)

(◦) Moisture
(%) C N O Si

A1 5.2 27 22.6 - 469 ± 12 0.26 ± 0.02 2.9 ± 0.2 - 4.15 49.25 0.80 36.59 13.36
A2 5.2 27 45.2 - 402 ± 21 0.25 ± 0.02 3.0 ± 0.2 - 4.24 26.41 1.20 51.55 20.84
A3 5.2 27 90.4 - 384 ± 14 0.21 ± 0.01 2.7 ± 0.1 - 7.68 34.05 1.60 41.53 22.83
M1 5.2 9 0.45 18 548 ± 12 0.94 ± 0.02 4.9 ± 0.1 127.6 0.58 - - - -
M2 7.2 9 0.45 18 771 ± 14 0.86 ± 0.01 6.2 ± 0.1 127.2 0.45 - - - -

All samples were prepared with 9 mL of ammonia and 100 mL of distilled water.

Table 2. Formulation and analytical data of the dielectric properties, mechanical strengths, thermal
properties, moisture absorptions, and crystallinities of the PEI and its corresponding composite
membranes containing A1, A2, A3, M1, and M2.

Sample
Code

PEI
Silica 10 GHz

Tensile
Strength

Elongation
at Break

T5d
Moisture
(TGA@
200 ◦C)

Contact
Angle FWHM

TAHQ APAB

Unit (mmole) (mmole) Code (wt-%) Dk Df MPa % ◦C % ◦

PEI 20 20 - - 3.27 0.007 11.26 1.48 445.8 0.73 74.6 3.2
PEI-A1-1 20 20 A1 1 3.43 0.011 4.03 2.15 453.8 0.95 83.7 3.4
PEI-A2-1 20 20 A2 1 3.46 0.012 4.80 2.52 445.0 0.98 80.9 3.5
PEI-A3-1 20 20 A3 1 3.92 0.015 5.48 2.75 443.9 1.18 61.5 3.5
PEI-M1-1 20 20 M1 1 3.24 0.009 - - 461.0 0.69 83.5 3.3

PEI-M2-0.5 20 20 M2 0.5 3.24 0.007 15.91 1.37 424.8 0.61 81.1 3.3
PEI-M2-1 20 20 M2 1 3.18 0.008 16.23 1.20 470.4 0.52 84.3 3.3
PEI-M2-2 20 20 M2 2 2.97 0.008 18.95 1.19 486.6 0.38 88.5 3.4
PEI-M2-3 20 20 M2 3 2.93 0.009 6.68 1.65 463.9 0.45 93.8 3.5
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4. Concluding Remarks

In this study, comparative studies of hydrophilic and hydrophobic MSPs on the
dielectric properties of their derivative PEI composite membranes were performed. First of
all, a series of hydrophilic and hydrophobic MSPs were synthesized via the base-catalyzed
sol-gel process of TEOS, MTMS, and APTES at distinctive specific feeding ratios with
the non-surfactant template of D-(-)-Fructose as the pore-forming agent. The prepared
MSPs were characterized with FTIR, 29Si-NMR, and 13C NMR spectra, and EDS. The
surface morphological images of the prepared hydrophilic MSPs modified with APTES
and hydrophobic MSPs modified with MTMS were found to show spherical and irregular
shapes, respectively, as identified by observing the SEM and TEM. For the study of BET,
by increasing the APTES content of the hydrophilic MSPs, a trend of decreasing surface
area and pore volume was found. On the other hand, by increasing the content of the
pore-forming agent in the hydrophobic MSPs, the surface area and average pore diameter
were both elevated. The contact angle of the hydrophilic MSPs (A1, A2, and A3) could not
be detected, and the contact angle of the hydrophobic MSPs (M1 and M2) all measured at
~127◦. The moisture absorptions of the A1, A2, A3, M1, and M2 MSPs were estimated at
4.15, 4.24, 7.68, 0.58, and 0.45 wt-%, respectively, as determined with TGA.

Subsequently, the MSPs were blended with the diamine of APAB, followed by the
introduction of the dianhydride of TAHQ with mechanical stirring for 24 h. The obtained
PEI2 composites were characterized with FTIR and XRD. It should be noted that the dielec-
tric constant of the PEI composites was found to show an obvious trend: PEI containing
hydrophilic MSP > PEI > PEI containing hydrophobic MSP. Moreover, the higher the load-
ing of hydrophilic MSPs, the lower the dielectric properties. On the contrary, the higher
the loading of the hydrophobic MSP, the better the dielectric properties. The mechanical
strength and thermal stability of the PEI and its composite membranes were investigated
with the tensile test and TGA, respectively. It should be noted that the PEI composite
membranes containing hydrophilic MSPs and hydrophobic MSPs were found to exhibit
weaker and stronger mechanical strengths, respectively. Moreover, the PEI composite
containing hydrophilic and hydrophobic MSPs was also found to reveal lower and higher
thermal decomposition temperatures, respectively. The PEI composite membranes contain-
ing hydrophilic and hydrophobic MSPs were found to exhibit higher and lower moisture
absorption amounts, respectively.
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Abstract: In this work, the structural characteristics and DC electrical conductivity of firstly syn-
thesized organic–inorganic nanocomposites of thermoelectric Te0 nanoparticles (1.4, 2.8, 4.3 wt%)
and poly(1-vinyl-1,2,4-triazole) (PVT) were analyzed. The composites were characterized by high-
resolution transmission electron microscopy, X-ray diffractometry, UV-Vis spectroscopy, and dynamic
light scattering analysis. The study results showed that the nanocomposite nanoparticles distributed
in the polymer matrix had a shape close to spherical and an average size of 4–18 nm. The average
size of the nanoparticles was determined using the Brus model relation. The optical band gap ap-
plied in the model was determined on the basis of UV-Vis data by the Tauc method and the 10%
absorption method. The values obtained varied between 2.9 and 5.1 nm. These values are in good
agreement with the values of the nanoparticle size, which are typical for their fractions presented in
the nanocomposite. The characteristic sizes of the nanoparticles in the fractions obtained from the
Pesika size distribution data were 4.6, 4.9, and 5.0 nm for the nanocomposites with percentages of
1.4, 2.8, and 4.3%, respectively. The DC electrical conductivity of the nanocomposites was measured
by a two-probe method in the temperature range of 25–80 ◦C. It was found that the formation of an
inorganic nanophase in the PVT polymer as well as an increase in the average size of nanoparticles
led to an increase in the DC conductivity over the entire temperature range. The results revealed
that the DC electrical conductivity of nanocomposites with a Tellurium content of 2.8, 4.3 wt% at
80 ◦C becomes higher than the conventional boundary of 10−10 S/cm separating dielectrics and
semiconductors.

Keywords: polymer nanocomposite; dielectric polymer; poly(1-vinyl-1,2,4-triazole); thermoelectric
tellurium nanoparticles; DC electrical conductivity

1. Introduction

Electronic devices that consume electrical energy and inevitably produce parasitic
heat are now widespread. The demand for systems that convert heat into electrical en-
ergy is therefore growing critically. It is known that the construction of the systems is
possible in the form of a combination of thermoelectric coolers (TEC) and thermoelectric
generators (TEG) [1]. The conversion efficiency of TEC and TEG is directly related to
the thermoelectric figure of merit (ZT) of the materials implemented as thermoelectric
cell legs. Currently, an active search for high-ZT thermoelectrics is underway. Particu-
lar attention is paid to the development of polymer-based thermoelectrics (PTs) due to
their advantages over completely inorganic systems [2], such as low cost, environmental
friendliness and diversity of synthesis methods, low thermal conductivity, relatively light
weight, mechanical flexibility, etc. [3]. One important class of PTs are organo–inorganic
nanocomposites that combine the thermoelectric properties of their inorganic nanophase
(metal chalcogenides and oxides as well as elemental chalcogenes, in particular Te0 [4–10])
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with the performance and mechanical properties of polymer matrices. The PTs exhibit a
relatively high Seebeck coefficient and low thermal conductivity. The use of insulating
polymers as matrices for nanocomposites compared to conducting polymers allows the
production of cheaper and more stable thermoelectrics with features important in practice
(flexibility, extensibility, thermoplasticity).

The most widely applied polymers in PT creation are polyvinylidene fluoride [11],
polyvinyl alcohol [12], polymethyl methacrylate [6], cellulose [5], and polyvinylpyrroli-
done [13], etc. According to the literature, the direct incorporation of nanoparticles into the
polymer matrix is achieved by combining the pre-synthesized nanoparticles and polymer in
a solution with a subsequent drop casting, hot compaction [11,14], or vacuum filtration [11],
mechanical pressing [11], or screen printing [15]. It should be noted that the above methods
of PT creation are time consuming, often based on the application of special equipment
providing sonication [16,17], high-pressure action [13], and high temperatures [10,12], as
well as the use of organic toxic solvents and an extensive range of nanoparticle precursors
(NaBr [5], Na2TeO3 [10], NaBH4 [10], Na2SeO3 [11], TeO2 [6,14], SeO2 [13], NH2OH [14],
CuSO4 [18]), which have toxic and environmentally unfriendly properties.

In this regard, the use of previously developed simple and environmentally friendly
methods of producing chalcogen containing nanoparticles [19,20], particularly Te0 ones
from the commercially available bulk Te powder, as well as the application of the original
polymer poly(1-vinyl-1,2,4-triazole) (PVT) in the form of a polymeric stabilizing matrix
for the nanoparticle formation, seems highly promising for the synthesis of thermoelectric
nanocomposites. The PVT exhibits a complex of practically important properties such
as high hydrophilicity, solubility in polar organic solvents, ability for complexation and
quaternization, chemical stability, biocompatibility, and thermal stability. In addition,
triazole-containing polymers were previously experimentally found to behave as effective
stabilizing matrices when forming metal-containing nanocomposites, exhibiting a synergy
of unique polymer properties (solubility, biocompatibility, high coordination ability) and
the optical, catalytic, and biological properties of metal nanoparticles [21–24]. At the same
time, Te as a thermoelectric direct-gap semiconductor has been successfully used in the
creation of polymeric organic–inorganic thermoelectrics with a p-type conductivity and
both a conductive [25] and insulating matrix [10,26–28].

The paper presents the results of the polymer thermoelectrics synthesis of a Te
nanophase and a PVT original polymer matrix with p-type conductivity and the study of
the influence of nanocomposite structural features determined by the PVT: Te relation on
their DC electrical conductivity.

2. Materials and Methods
2.1. Materials

NaOH (Reahim, Moscow, Russia), hydrazine hydrate (Reahim, Moscow, Russia),
acetone (Reahim, Moscow, Russia), azobisisobutyronitrile (Sigma Aldrich, Burlington, VT,
USA), dimethylformamide (Reahim, Moscow, Russia), and tellurium powder (Thermo
Fisher, Kandel, Germany) were used without additional purification.

2.2. Methods
2.2.1. Synthesis of PVT

The synthesis of PVT was carried out by a radical polymerization method of 1-vinyl-
1,2,4-triazole (VT) in the presence of an azobisisobutyronitrile (AIBN) initiator in a dimethyl-
formamide (DMFA) medium under an argon atmosphere and a temperature of 60 ◦C during
6 h, according to the protocol detailed in the paper [24].

Briefly, VT (1.5 g, 16.0 mmol), AIBN (0.015 g, 0.09 mmol), and DMFA (1.0 g) were
placed in a glass ampoule, flasked with argon, then sealed and incubated in the thermostat
at 60 ◦C for 6 h. The resulting PVT was isolated and purified by a double resuspension
in a mixture of ethanol and acetone (1:2), and then dried to a constant mass in a vacuum
oven over phosphorus pentoxide at 50 ◦C. The average molecular weight of the polymer
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was 110 kDa and the weight average molecular weight was 211 kDa. The polydispersity
coefficient was 1.92 (Figure 1). The PVT obtained in a 92% yield was a white powder, well
soluble in water, DMF, and DMSO. The calculated % were C 50.52; H 5.26; and N 44.22 The
found % were C 50.61; H 5.25; and N 44.14.
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Using the method of nuclear magnetic resonance 1H and 13C, the structure of the
obtained polymer was confirmed (Figure 2). The 1H NMR (DMSO- d6, δ, ppm) was 8.08–
7.41 (br m., 2H, triazole ring), 4.15–2.66 (br m., 1H, CH in the polymer backbone), 2.25–1.60
(br, 2H, CH2 in the polymer backbone); the 13C NMR (DMSO- d6, δ, ppm) was 152.50–
150.50, 145.00–142.5 (CH, triazole ring), 55.00–52.20 (CH in the polymer backbone), and
41.40–38.20 (probably the signals of carbon atoms of methylene groups CH2 of the polymer
backbone overlap with solvent signals).
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2.2.2. Synthesis of PVT–Te0NPs

To synthesize the PVT–Te0NPs, the PVT (1 g) and distilled water (50 mL) were placed
in the 100 mL flask. The reaction mixture was then stirred for 3 h at the temperature of
40 ◦C until the PVT was completely dissolved. The solution containing PVT was cooled
to room temperature. The reaction mixture with tellurium anions (120–400 µL) that were
pre-synthesized in accordance with the technique described in the articles [19,20] was
added into a Te solution flask under constant stirring with a magnetic stirrer. The formation
of the Te0 nanoparticles was identified by a change in the color of the reaction mixture from
colorless (native PVT solution) or red–purple (reaction mixture containing Te2− anions) to
gray. The synthesis duration was 25 min, after which the reaction mixture was precipitated
in acetone cooled to 7 ◦C. The resulting fine precipitate was separated by centrifugation
at 4000 rpm at 9 ◦C, washed three times with acetone, and dried in a vacuum at room
temperature. For the PVT–Te0NP (1.4%), the yield was 62%; calculated % were C 49.53; H
5.50; N 43.27; and Te 1.7. The found % were C 49.64; H 5.52; N 43.44; and Te 1.4. For the
PVT–Te0NPs (2.8%), the yield was 71%; the calculated % were C 48.05; H 5.36; N 43.19; and
Te 3.4. The found % were C 48.95; H 5.56; N 42.71; Te 2.80. For the PVT–Te0NPs (4.3%), the
yield was 58%; the calculated % were C 48.00; H 5.56; N 41.04; and Te 5.4. The found %
were C 48.30; H 5.67; N 41.73; and Te 4.3.

2.3. Equipment
2.3.1. Elemental Analysis (EA)

The elemental composition was determined by X-ray energy dispersive microanal-
ysis using a Hitachi TM 3000 scanning electron microscope (Tokyo, Japan) with an SDD
XFlash 430-4 X-ray detector and a Thermo Fisher Scientific Flash 2000 CHNS analyzer
(Kandel, Germany).

2.3.2. X-ray Diffraction (XRD) Analysis

The XRD study was performed on a Bruker D8 ADVANCE diffractometer (Billerica,
MA, USA) equipped with a Hebbel mirror, with Cu radiation in the locked coupled mode,
with an exposure of 1 s for phase analysis and 3 s for the estimation of the cell parameter
and the coherent scattering region size.

2.3.3. UV-Vis Spectroscopy

The UV-Vis spectra of 0.025% water solutions of PVT and the nanocomposites were
recorded relative to distilled water in a 1 cm quartz cell on a Perkin Elmer LAMBDA 35
UV-Vis spectrophotometer (Waltham, MA, USA) in the wavelength range of 200–700 nm.

2.3.4. Dynamic Light Scattering (DLS)

The hydrodynamic radii (Rh) of pure PVT and PVT–Te0NPs were determined by
dynamic light scattering on a Photocor Compact-Z correlation spectrometer (Moscow,
Russia) equipped by a 20 mV thermostabilized semiconductor laser (λ = 638 нм) at an angle
of 90◦. The autocorrelation function was analyzed by Dynals v.2 software (Tirat Carmel,
Israel). The solutions for analysis were prepared by dissolving a 5 mg sample in 20 mL
of distilled water at room temperature for 5 hours, pre-filtered through a 200 µm syringe
filter. The time for each measurement was at least 200 s. The measurements were taken in
triplicate and the mean was used.

2.3.5. Gel Permeation Chromatography

The molecular weight distribution of the PVT was measured using a gel permeation
chromatograph Shimadzu LC-20 Prominence (Kyoto, Japan) with a differential refractive
index detector, Shimadzu RID-20A. The chromatographic column was Agilent PolyPore
7.5 × 300 mm, PL1113-6500 (Santa Clara, CA, USA) with an appropriate pre-column. High
purity N,N-dimethylformamide was used as a mobile phase (1 ml/min). The calibra-
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tion was carried out using a series of polystyrene standards, consisting of samples with
molecular weights from 162 to 6,570,000 g/mol.

2.3.6. Nuclear Magnetic Resonance
1H and 13C NMR spectra were recorded on a Bruker DPX-400 spectrometer (Billerica,

MA, USA) at room temperature; 1H, 400.13 MHz; 13C, 100.62 MHz. The chemical shifts are
given relative to the TMS.

2.3.7. High Resolution–Transmission Electron Microscopy (HR-TEM)

The transmission electron microphotographs were obtained with an FEI Tecnai G2 20F
S-TWIN transmission electron microscope (Hillsboro, OR, USA) according to the procedure
detailed in [29]. The nanoparticle size distribution was determined by the statistical treat-
ment of the microphotographs using Gatan DigitalMicrograph v.3.5 software (Pleasanton,
CA, USA) and Microsoft Office Excel (Redmond, WA, USA). The electronograms from the
transmission electron microscope were processed and indicated with Process Diffraction
v.8.7.1 (Budapest, Hungary) and CrysTBox v.1.1 software (Prague, Czech Republic) and the
crystallographic database JCPDS-ICDD PDF-2.

2.3.8. Direct Current Electrical Conductivity Measurement

The DC conductivity was measured by a standard E6-13A teraohmmeter (Moscow,
Russia) using a two-probe method within temperature range of 25–80 ◦C. A thermostat
was used to maintain the temperature in the measuring cell. The powder samples were
pressed in the form of pellets with a height of 0.2–0.6 mm and a radius of 1.5 mm. The DC
conductivity was calculated using the following equation:

σ =
d

RA
(1)

where A is the cross-section area (cm2), d is thickness of the pellet (cm), and R is the
resistance of the sample (Ω).

3. Results and Discussion

3.1. Synthesis of PVT–Te0NPs

Water-soluble aggregation-stable PVT–Te0NPs (1.4–4.3 wt% Te) were obtained by the
oxidation of Te2− anions to zero-valent tellurium (Te0) in an aqueous PVT solution. The
Te2− anions were pre-generated by the reduction (activation) in commercial powdered
tellurium with hydrazine hydrate in an alkaline medium (Figure 3), according to the
method previously proposed in [19,20].

The process resulted in the powdered tellurium being completely dissolved to form
highly reactive Te2− anions in accordance with Equation (2):

2Te + 4NaOH + N2H4 · H2O = 2Na2Te + N2↑ + 5H2O, (2)

The weight content of tellurium in the nanocomposites was varied by changing the
PVT:Te2− ratio from 1:59 to 1:17. The conversion of Te2− anions to the zero-valent state
varied between 84% and 80%, decreasing with increasing PVT: Te2− ratio. The Te2− anions
obtained have a limited time stability and high sensitivity to the conditions of synthesis
because of their extremely high reactivity. Presumably, the formed sodium telluride is
hydrolyzed in an aqueous medium to form H2Te, which is further either removed from the
reaction medium or oxidized by the oxygen present in the aqueous solution to Te0 followed
by the condensation of its atoms into nanoparticles and their subsequent stabilization.
Probably the reason for the decrease in the Te2− anion conversion to Te0 is the part of H2Te
that is hydrolyzed and then volatilized from the reaction medium. The process can be
identified by the presence of a radish smell associated with H2Te. Under these conditions,
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we obtained Te0-containing PVT-based nanocomposites with yields of 58–71%, which are
water soluble powders of grey color.
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3.2. XRD Analysis

According to X-ray diffraction analysis, the PVT–Te0NP (1.4 wt% Te) is X-ray amor-
phous, whereas the nanocomposites with a higher weight content have a two-phase
amorphous-crystalline structure. Their diffractograms are characterized by an amorphous
halo of the PVT phase as well as a number of reflexes corresponding to the crystalline phase
of Te0 nanoparticles (Figure 4). We assume that the formation of Te0NPs in the hexagonal
modification under the selected soft experimental conditions is probably due to the pres-
ence of the stabilizing matrix PVT in the reaction medium. In this case, the PVT molecules
are capable of limiting the growth tendency of the material, which leads to the formation of
hexagonal Te0 nanoparticles. Moreover, even in the case of the formation of a mixture of
amorphous and crystalline tellurium under low-temperature conditions, the amorphous
tellurium particles, due to their extremely low stability, are prone to re-dissolution during
Ostwald ripening, and the released tellurium atoms can go to the completion of the crystal
lattice of more stable hexagonal tellurium particles [30–32].
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Thus, two broadened reflexes observed at angles of 27.55◦ and 40.45◦ in diffractograms
for PVT–Te0NPs (4.3% Te) can be ascribed to the (101) and (110) planes of the Te0 hexagonal
lattice, respectively. The Te0 nanocrystallite average size in the nanocomposite calculated
by the Scherer formula is 40.7 nm.

3.3. HR-TEM Analysis

On the basis of HR-TEM data, it was found that PVT–Te0NPs are formed as high-
contrast particles distributed in the PVT polymer matrix with a shape close to spherical.
The nanoparticles have a pronounced tendency to partially agglomerate and aggregate into
chains and dimers (Figure 5a). The size of the Te0 nanoparticles formed in the PVT–Te0NPs
(2.8 wt%) varies in the rather narrow range of 6–11 nm with a predominance (64%) of
8–9 nm particles and Te0 nanoparticle average size of 8.5 nm (Figure 5b). The dark-field
images reveal that the nanoparticles are clearly visualized as they contrast significantly
with the surrounding matrix, confirming their crystalline structure (Figure 5c).
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The internal microstructure of the nanoparticles was also investigated by HR-TEM.
The selected area electron diffraction (SAED) pattern of PVT–Te0NPs exhibits clear and
discrete over-emission points, indicating a pronounced crystallinity of the nanoparticles
(Figure 5d). The symmetrical rings with randomly distributed contrasting dots with no
preferred orientation are observed in the nanocomposite (2.8 wt%) SAED pattern, indicating
its polycrystalline nature. The two rings clearly visible in the SAED pattern were used
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as an initial data for the calculation of the interplanar distances of the nanoparticles. The
distances were was found to be 3.2 Å and 2.2 Å for the first and second ring, respectively.
These values are very close to the interplanar distance values of the elemental tellurium
hexagonal lattice and correspond to its (101) and (110) crystallographic planes.

3.4. Dynamic Light Scattering Analysis

The study of aqueous solutions of PVT–Te0NPs by the DLS method shows that the
particle size distribution in terms of the scattering intensity is featured by bimodality. The
colloids are characterized by two particle fractions (Figure 6).
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Thus, the particle fractions with a hydrodynamic radius (Rh) of 3.6 nm and 45 nm
were detected in an aqueous solution of PVT–Te0NPs containing 1.4 wt% of Te (Figure 6a).
Presumably, the first fast particle fraction is related to the presence of the individual PVT
macromolecules in the nanocomposite water solution (Rh equals to 4.1 nm for PVT, whereas
one is 3.1 nm for PVT–Te0NPs). The second particle fraction with an average Rh of 45 nm
probably originates from Te0 nanoparticles formed in the PVT matrix or their agglomerates,
which we detected by SEM. The increase in the Te weight content in the nanocomposite
up to 4.3% is accompanied by a decrease in the fraction of the fast particle in its aqueous
solution as well as an increase in the slow particle fraction. At the same time, there is an
increase in the average Rh value of the slow particle fraction up to 75 nm, probably due
to a growth of the average size of Te0 nanoparticles themselves (Figure 6c). In addition,
a significant narrowing of the particle dispersion of both slow and fast fractions of the
PVT–Te0NP solution with the highest Te content, as compared to the samples containing 1.4
and 2.8 wt% Te, should be noted. Thus, the minimum particle Rh range is observed to be
2.3–3.0 nm and 59–75 nm for the fast and slow particle fraction of PVT–Te0NPs (4.3 wt%),
respectively.

3.5. UV-Vis Spectroscopy

The study of optical absorption spectra in the range 200–700 nm of 0.025% aqueous
solutions of PVT and PVT–Te0NPs showed that the presence of an absorption band in the
region of 276 nm (4.5 eV) is typical for all the samples (Figure 7). The 5 eV absorption band in
the PVT spectrum isolated by deconvolution seems to be due to the availability of the C=N
chromophore group in the polymer chains, which is characterized by a band at 4.7–5.4 eV
in the absorption spectrum [33]. The deconvolution also reveals the presence of three bands
in the region of 3.1, 4.5, and 5.6 eV in the absorption spectra of the nanocomposites under
study. In contrast to the 4.5 eV absorption band, associated with the availability of PVT in
nanocomposites and invariably present in the spectra of nanocomposites with different
content of inorganic nanophase, the other two absorption bands undergo a blue shift with
an increasing Te weight content. Thus, with a change in the inorganic nanophase content
from 1.4 to 4.3% Te, a shift of the absorption bands from 5.8 to 4.5 and from 4.5 to 2.9 eV is
observed (Figure 7).
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PVT, and PVT–Te0NPs with a Te weight content of (b) 1.4%, (c) 2.8%, and (d) 4.3%. Photon energies
corresponding to the peaks of the Gaussians are shown in the legends (dashed lines).

According to available data [34,35], the Te0 nanoparticles are characterized by the
presence of an absorption band in the 270–300 nm region (4.6–4.1 eV). At the same time,
the absorption spectrum of Te nanowires is featured by the availability of two bands in
the region of 278 nm (4.5 eV) and 586 nm (2.1 eV) [36]. Hence, it can be concluded that
the absorption bands in the region of 5.8–4.5 eV and 4.5–2.9 eV are directly related to the
presence of Te0 nanoparticles in PVT–Te0NPs.

Based on the nanocomposite optical absorption spectra obtained, we determined their
optical band gap, the average radius of nanoparticles, and the size particle distribution
of the nanocomposite Te0 nanoparticles. The optical band gap was obtained in two ways:
using the wavelength corresponding to 10% absorption in the measured optical absorption
spectrum of the solutions studied [37] and by the Tauc method [38,39]. According to the
Tauc method, the optical band gap of PVT–Te0NPs was determined by extrapolating (to
the intersection with the abscissa axis) the linear sections of absorption spectra represented
in Tauc coordinates (Figure 8a) using Equation (3):

αhν = A (hν − Eg)γ, (3)

where α is the absorption coefficient defined by Beer–Lambert’s law, hυ is the incident
photon energy, A is a constant characterizing the degree of ordering of the material structure
(for calculations we assumed that A = 1), Eg is the optical band gap, γ is an index describing
transition process, and γ = 1/2 for direct allowed transitions. The resulting values are
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shown in Table 1. As can be seen from the table, the optical band gap decreases from 3.17
to 2.16 eV (Figure 8a) or from 2.79 to 2.05 eV with increasing inorganic nanophase content
in the nanocomposites studied, depending on the method of Eg determination.
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Table 1. Calculated values of the optical band gap, the mean nanoparticle diameter, and the “blue
shift” for PVT–Te0 nanocomposites. Note: ET

g : optical band gap calculated by Tauc method (eV);
DBT : mean nanoparticle diameter determined by the Brus equation using the value ET

g (nm); BST :
“blue” shift of ET

g value from optical band gap of bulk Te (eV); E10
g : the optical band gap calculated by

the Tauc method (eV); DB10: mean nanoparticle diameter determined by the Brus equation using the
value ET

g (nm); BS10: “blue” shift of ET
g value from the optical band gap of bulk Te (eV).

Nanocomposite
Tauc Method 10% Absorbance Method

ET
g DBT BST E10

g DB10 BS10

PVT–Te0 (1.4 wt% Te) 3.17 2.9 2.84 2.79 4.2 2.46
PVT–Te0 (2.8 wt% Te) 2.36 3.0 2.03 2.11 5.0 1.78
PVT–Te0 (4.3 wt% Te) 2.16 3.2 1.83 2.05 5.1 1.72

As these values are larger than the band gap of bulk Te Ebulk
g = 0.335 [40] (Figure 8a),

one can assume an appearance of the quantum confinement effect resulting in an Eg
increase at the transition of material from a bulk to nanoscale state (“blue shift” of Eg).
The effect has been well described in the literature [41]. The possibility of setting the band
gap by controlling the size of semiconductor nanoparticles has previously been reported
in studies of Se colloidal solutions [42], cobalt selenide nanostructure films [43], and ZnS
nanoparticles stabilized with a PVA [44]. Taking into account the approximate spherical
shape of the nanoparticles, it is possible to estimate the average size of the Te0 nanoparticles
formed according to the Equation (4) proposed by L. Brus:

Eg = Ebulk
g +

h̄2π2

2r2

(
1

me
+

1
mh

)
− 1.8e2

4πεε0r
(4)

where Eg is the nanoscale Te energy band gap, Ebulk
g = 0.335 эB is the energy band gap of

bulk Te, ε = 23 denotes the dielectric permittivity of the bulk Te, mh = m*
hm0 = 0.109m0 is

the effective mass of the hole in Te, me = m*
em0 = 0.05m0 is the effective mass of electron

in Te [40], m0 represents the electron mass, h̄ is the reduced Planck constant, r denotes the
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radius of the nanoparticle, ε0 is the electric constant, and e represents the electron charge.
The values of the nanoparticle average size (diameter) calculated without considering the
third term in Equation (2) are shown in Table 1. The calculation results show that the
average Te0 nanoparticle size in the nanocomposite increases with a growing inorganic
nanophase content. In this case, the value of the optical band gap, and therefore the “blue
shift” is reduced. A similar trend was observed by Singh et al. in their study of the optical
properties of Se quantum dots [42].

In order to determine the characteristic diameters of Te nanoparticles in the nanocom-
posites, the corresponding particle size distribution function curves were plotted according
to the method proposed by Pesika [45]. This method makes it possible to determine the
particle size distribution using the relation between the nanoparticle radius and the shift of
the band gap formulated by Brus (Equation (4)):

N(r) = − 1
V

[
dD
dr

]
= − 1

4πr3

3

[
dD
dλ

dλ
dr

]∣∣∣∣
λ= hc

Eg(r)

(5)

where N(r) is the particle size distribution, D denotes the optical density obtained from
the optical absorption spectra, r is the nanoparticle radius, V is the volume of a spher-
ical nanoparticle, λ is a wavelength, Eg denotes the optical band gap of the nanoscale
semiconductor, h is a Plank constant, and c is a light constant.

Figure 8b shows the calculated curves of the particle size distribution function of
PVT–Te0NPs as histograms. It was found that the PVT–Te0NPs with inorganic nanophase
content of 1.4 and 2.8% are characterized by log-normal size distributions with maximum
values corresponding to 3.8 and 4.5 nm, respectively. The particle size distribution for the
PVT–Te0NP (4.3 wt%) has a more complex multimodal structure. The highest value of
the distribution function is observed at 4.6 nm, while the peaks of the other two modes
correspond to 4.9 and 5.0 nm. The resulting Te0 nanoparticle diameters are of the same
order of magnitude as their dimensional characteristics determined using HR-TEM and the
Brus equation (Equation (4)).

3.6. DC Electrical Conductivity

The dependences of the specific DC electrical conductivity of PVT and PVT–Te0NPs on
temperature (in the temperature range of 25–80 ◦C) and the weight content of the inorganic
nanophase were experimentally obtained to determine the presence of a particle dimen-
sional effect on the electrical conductivity of the nanocomposites under study (Figure 9).
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The electrical conductivity values and the nature of its change with increasing tem-
perature allow the initial PVT polymer to be classified as a dielectric (Figure 9a). The
introduction of Te nanoparticles into the PVT matrix was found to result in an increase
in the DC electrical conductivity of the nanocomposite. The electrical conductivity of the
composite increases as the weight content of the inorganic nanophase rises (Figure 9b). At
the same time, the electrical conductivity of the nanocomposites grows with increasing
temperature (Figure 9a). It should be noted that the electrical conductivity of PVT–Te0NPs
with a Te content of 2.8 and 4.3% becomes greater than 10−10 S/cm at 80 ◦C, i.e., it over-
comes the conventional dielectric-semiconductor boundary noted in the classification of
materials by electrical conductivity value [46]. The behavior of the samples DC conductivity
is common to dielectrics and semiconductors. The exponential growth of conductivity with
an increasing temperature is characteristic of both semiconductor nanoparticles [47,48]
and nanocomposites of dielectric polymers and semiconductor nanoparticles [49,50]. The
variation of DC conductivity of PVA–Se nanocomposite with temperature showed the
presence of nearly linear part and the part well described by the Vogel–Fulcher–Tammann
relationship [49]. Sinha et al. attributed the conductivity behavior to the thermally activated
hopping transport ions decoupled from the matrix and 3D variable range hopping of charge
carriers. According to the literature data, the authors of paper [50] observed conductivity
behavior most similar to the one we obtained. The introduction of TiO2 nanoparticles into
PVA–PEG–PVP matrix resulted in a grow of DC electrical conductivity. Meanwhile, the
increase in weight content of inorganic nanophase from 2% to 8% also led to a rise in the
nanocomposite DC conductivity. The authors have explained the behavior of PVA–PEG–
PVP/TiO2 nanocomposite conductivity by a reduction in their band gap and therefore
thermally activated enhancement of charge carriers hopping motion between trapped sites.

The PVT–Te0NPs nanocomposite is semiconductor nanoparticles non-uniformly dis-
tributed in the volume of the dielectric matrix. It can be represented as an organic–inorganic
system of components, each exhibiting different physical properties (in particular, electrical
conductivity) due to its microscopic characteristics. The macroscopic physical proper-
ties of a nanocomposite are due to its microstructural features [51]. Not only the matrix
and nanofillers, but also the interphase, which is a system of formed interfaces at the
nanoparticle-matrix interfaces, are considered to be components of a nanocomposite. There-
fore, an increase in temperature does not uniformly affect the electrical conductivity of the
nanocomposite components due to the different nature of the nanocomposite components.
In a dielectric, for example, as the temperature rises, some of the electrons gain energy and
participate in electrical conductivity. This happens more efficiently in a semiconductor. The
transport of charge carriers in the interphase is enabled by an electron tunneling effect. This
effect is particularly influential when the distance between the nanoparticles is significantly
reduced. However, at high temperatures, the interface conductivity decreases due to an
increase in the number of electron collisions. In addition, as the temperature rises, the thick-
ness of the interface layer may decrease, resulting in a reduction in electrical conductivity.

In the case of PVT–Te0NPs, the increase in their electrical conductivity, in comparison
with the matrix, can be explained by the appearance of the charge-carrier transport across
the crystalline semiconductor and interface conduction due to the electron tunneling effect.
As the weight content of the inorganic nanophase increases, the nanoparticles become
larger, i.e., the regions of successful charge carrier transport through the semiconductor
increase with a simultaneous decrease in the interphase effect. This leads to an increase
in the degree of ordering in the composite system, which translates into the increased
electrical conductivity. In addition, the observed increase in DC electrical conductivity
may be related to the possible formation and increase in the number of local conductive
channels created when the average interparticle distance decreases [52].

4. Conclusions

Thus, we have first obtained the nanocomposites of an original poly(1-vinyl-1,2,4-
triazole) polymer matrix and Te0 thermoelectric nanoparticles with varying amounts of
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inorganic phase in the range of 1.4–4.3%. The synthesized nanocomposites have been
characterized using a set of complementary modern methods (HR-TEM, XRD, DLS, UV-Vis
spectroscopy). Nanocomposites have been found to form as nanoparticles dispersed in
a polymeric matrix and sized between 4 and 18 nm. Using the optical spectroscopy data
as well as computational values calculated by the Brus formula and the Pesika method,
the mean diameters and characteristic nanoparticle diameters of the nanoparticle fractions
present in the composite, in the range of 4.2–5.1 and 3.8–5.0 nm, were determined for the
nanocomposites containing 1.4%, 2.8%, and 4.3%. Based on the temperature dependence
of the DC electrical conductivity in the range 25–80 ◦C, it was found that the introduction
of the inorganic nanophase in the PVT dielectric polymer as well as an increase in the
average size of Te0 nanoparticles leads to an increase in electrical conductivity over the
entire temperature range. Herewith, the DC electrical conductivity values of PVT–Te0NPs
with a Te weight content of 2.8% and 4.3% become higher than 10−10 S/cm at 80 ◦C, i.e.,
they exceed the conventional boundary of dielectric–semiconductor in the classification of
materials by electrical conductivity value. The results obtained suggest that varying the
Te weight content in the synthesis process of PVT-based nanocomposites enables one to
obtain nanocomposites with a required value of electrical conductivity. Taking into account
the rather high Seebeck coefficient of Te0 nanoparticles and probably the low thermal
conductivity provided by dielectric polymer PVT matrix, this could result in the directional
design of thermoelectric nanocomposites with a high thermoelectric figure of merit.
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Abstract: The goal of this research was to investigate the effect of different types of nanoparticles
on the UV weathering resistance of polyurethane (PU) treatment in polyester-based fabrics. In this
regard, zinc oxide nanoparticles (ZnO), hydrophilic silica nanoparticles (SiO2 (200)), hydrophobic
silica nanoparticles (SiO2 (R812)), and carbon nanotubes (CNT) were mixed into a waterborne
polyurethane dispersion and impregnated into textile samples. The puncturing resistance of the
developed specimens was examined before and after UV-accelerated aging. The changes in chemical
structure and surface appearance in nanoparticle-containing systems and after UV treatments were
documented using microscopic pictures and infrared spectroscopy (in attenuated total reflectance
mode). Polyurethane impregnation significantly enhanced the puncturing strength of the neat fabric
and reduced the textile’s ability to be deformed. However, after UV aging, mechanical performance
was reduced both in the neat and PU-impregnated specimens. After UV treatment, the average
puncture strength of all nanoparticle-containing systems was always greater than that of aged fabrics
impregnated with PU alone. In all cases, infrared spectroscopy revealed some slight differences in
the absorbance intensity of characteristic peaks for polyurethane polymer in specimens before and
after UV rays, which could be related to probable degradation effects.

Keywords: nanoparticles; waterborne polyurethane; UV aging; mechanical resistance; polyester fabrics

1. Introduction

In 2019, synthetic fibers accounted for more than 60% of global consumption of natural
and man-made fibers, with polyester accounting for 53%, cotton accounting for 24%,
cellulosic accounting for 6%, and wool accounting for 1%.

Polyester fibers have a specific gravity of 1.22–1.38 g/cm3 [1], are wrinkle resistant [2],
and have a moisture regain of roughly 0.4%. Mechanical properties are frequently de-
pendent on fiber drawing; as the polymer chain alignment increases, so does the tensile
strength and modulus of polyester fibers [3]. PET fibers are widely used in woven and
knitted garments and upholstery, including pants, skirts, stockings, carpets, and blankets,
as well as industrial threads and ropes, protective textiles (work wear, conveyor belt), and
jet engines (abradable seal) [3].

Coating or impregnation are two common methods, generally considered in the
textile industry, for improving the final performances of treated fabrics and providing a
proper finishing [4]. In recent years, many researchers investigated the puncture resistance
behavior of textile materials, and it was discovered that the perforating properties of
textiles were affected by coating technologies [5]. The body protection for law enforcement,
security, and military personnel has been the primary focus of investigations on the stab and
puncture resistance of fabrics [6]. Firouzi et al. investigated nylon-based coating to improve
the penetration resistance of ultra-high molecular weight polyethylene (UHMWPE) against
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spikes or blades [7]. The puncture performance of woven high modulus polypropylene
(HMPP) fabric impregnated with dispersions constituted of fumed silica nanoparticles,
carbon nanotubes (CNTs), and polyethylene glycol (PEG) was investigated in [8].

Polyurethane is widely employed in advanced coating technology because it im-
proves the quality, appearance, and durability of coated substrates [9]. A polyurethane
and pre-vulcanized natural rubber latex coating was tested on polyester textiles to obtain
high performance in water vapor permeability, water pressure resistance, and stretchability [10].
Polyurethane formulations have traditionally been manufactured with hazardous organic
solvents such as toluene, xylene, and formaldehyde. Its manufacturing process is re-
sponsible for volatile organic compounds emissions, relative ozone formation potential,
and relative carcinogenic risk [11,12]. However, green materials have become popular
in the coating industry as a result of growing environmental concerns and the depletion
of petroleum supplies [13]. As an alternative to solvent-based polyurethane dispersions,
water-based polyurethane dispersions (WPU) with minimal volatile organic compounds
(VOCs) and no co-solvents were developed [14]. The addition of nanoparticles to WPU has
been demonstrated useful to improve the overall performance of WPU-based products and
attain the same requirements as their solvent-based equivalents [11,15].

Recently, nanomaterials have been used to modify the characteristics of organic and
inorganic matrices and improve their durability against UV weathering. Polyetheretherke-
tone (PEEK) was loaded with sub-micrometric titanium dioxide particles to increase the
UV resistance of the basic polymer [16]. Gorrasi and Sorrentino examined the influence of
carbon nanotubes on the photo-oxidation of composites made of polylactic acid [17]. Cher-
aghian and Wistuba investigated the effect of fumed silica nanoparticles on the mechanical
and chemical properties of bitumen after UV aging [18]. The addition of nano-zinc oxide
particles was discovered to minimize the photo-degradation of the polyurethane film and
shield it from the detrimental impacts of UV light [19].

In this investigation, various types of nanoparticles (zinc oxide nanoparticles, hy-
drophilic and hydrophobic silica nanoparticles, and carbon nanotubes) were combined
into aqueous polyurethane dispersions and impregnated into polyester-based fabrics. The
mechanical performance of produced specimens was evaluated mainly in terms of puncture
strength. The measurement of fabric puncture strength has been regarded as a practical
and useful approach to analyzing the quality of textiles used in daily life, particularly
in the industry production of bags, luggage, and suitcases. Puncture resistance might
represent a frequent stress condition to which materials may be subjected during common
uses, potentially damaging and compromising integrity and functionality. To verify treat-
ment durability, mechanical properties were also evaluated following an accelerated aging
process. Environmental variables such as UV radiation, heat from the sun, and moisture
can cause polymer-based materials to degrade by affecting mechanical properties and
limiting product life span. Understanding the effects of UV radiation on the mechanical
performance of textiles can be useful in predicting the durability of final products. Infrared
spectroscopy and images of sample surfaces were collected on specimens before and after
UV exposure as primary characterization tools to analyze the chemical and visible changes
caused by potential breakdown of the applied PU polymer.

2. Materials and Methods
2.1. Materials

In this study, a technical fabric (FAB) with a woven structure constructed entirely of
polyester fibers (100%) and with an area density of roughly 300 g/m2 was explored. The
aliphatic polyester-based polyurethane waterborne dispersion (IDROCAP 983 PF, anionic
nature, dry residue at 130 ◦C 1 h = 35%, pH = 7.8) was kindly supplied by ICAP-Sira
Chemicals and Polymers s.p.a., Parabiago-Milan, Italy. Hydrophilic fumed nano-silica
(here identified as SiO2 (200)) (cod. AEROSIL 200, an average particle size of 12 nm,
a specific surface area of 175–225 m2/g) and hydrophobic organosilane modified silica
produced by treating fumed SiO2 with hexamethyldisilazane (HMDS) (here identified as
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SiO2 (R812)) (cod. AEROSIL R812, an average particle size of 7 nm, a specific surface area
of 260 ± 30 m2/g) were acquired by Evonik Resource Efficiency GmbH (Germany). Carbon
nanotubes (CNT) (cod. NC 3150, length < 1 µm, diameter: 9.5 nm and purity > 95%) were
supplied by Nanocyl S.A. (Sambreville—Belgium). Zinc oxide (ZnO, average particle size
of 100 nm) was purchased from Sigma Aldrich Co. LLC., Milan, Italy.

2.2. Sample Preparation

A square piece of fabric (20 cm in size) was soaked in 13 g of aqueous polyurethane
(Fab-PU). The wet specimens were dried in a climatic chamber (mod. 250E, Angelantoni
Industrie spa, Perugia, Italy) at 25 ◦C and 50% humidity. Other impregnating dispersions
were produced by combining the components, namely nanoparticles (hydrophilic and
hydrophobic SiO2, ZnO, CNT) and aqueous polyurethane (13 g), for 15 min with magnetic
stirring at 800 rpm. The nanoparticle weight contents of 1% and 4% were related to the
nominal solid polyurethane component in the dispersion (see details in Table 1). A dry
time of about 4 days was determined through preliminary testing when the sample weight
stabilized with time.

Table 1. Developed formulations to impregnate a single piece of fabric (20 × 20 cm2).

WPU ZnO SiO2 (200) SiO2 (R812) CNT

FAB-PU 13 g / / / /
FAB-PU + 1% ZnO 13 g 1% in wt. (* = 0.04 g) / / /
FAB-PU + 4% ZnO 13 g 4% in wt. (* = 0.18 g) / / /

FAB-PU + 1% SiO2 (200) 13 g / 1% in wt. (* = 0.04 g) / /
FAB-PU + 4% SiO2 (200) 13 g / 4% in wt. (* = 0.18 g) / /
FAB-PU + 1% SiO2 (R812) 13 g / / 1% in wt. (* = 0.04 g) /
FAB-PU + 4% SiO2 (R812) 13 g / / 4% in wt. (* = 0.18 g) /

FAB-PU + 1% CNT 13 g / / / 1% in wt. (* = 0.04 g)
FAB-PU + 4% CNT 13 g / / / 4% in wt. (* = 0.18 g)

(*) with respect to PU solid content in waterborne polyurethane dispersion (4.55 g of solid PU).

UV-accelerated aging was carried out for 5 days at 35 ◦C in an oven equipped with a
low-pressure mercury lamp (90% irradiation at 254 nm, 10% irradiation at 185 nm).

2.3. Characterization Techniques

The puncture resistance of the treated fabrics was evaluated on a dynamometer (cod.
TENSOMETER 2020) produced by Alpha Technologies INSTRON (Norwood, MA, USA).
The specimens were held between two annular flanges with internal diameters of 14 cm,
and firmly secured with four screws. The upper mobile grip was equipped with a rounded
tip spike (3 mm in diameter) and traveled down perpendicular to the sample at a speed of
50 mm/min. Tensile 2020 was the management software. The maximum force sustained
by the specimen before breaking corresponds to the highest point achieved on the load–
displacement curve. This value was considered the puncture resistance. Measurements
were repeated 9 times for each sample. Two different specimens were prepared and tested
for each formulation. The maximum change in material length before breaking caused by
the piercing probe’s perpendicular pulling force was identified as displacement. Figure 1
depicts the locations of the punching points on the sample surface during testing.

An infrared spectrometer (model Spectrum 65 FT IR) from Perkin Elmer (Waltham,
MA, USA) was used to examine aged specimens in attenuated total reflectance (ATR) mode.
During the test, infrared radiation was transmitted via a diamond crystal upon which the
sample was placed. Initially, the background spectrum was collected using an empty and
clean crystal. A wavenumber range of 650–4000 cm−1, a resolution of 4 cm−1, and a scan
number of 16 were set during the experiment.
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Figure 1. Schematic of puncturing positions on the sample surface.

The effect of impregnating dispersions on the appearance of the textile surface was
examined through the auxilium of a Wi-Fi digital microscope 1000× with manual focal
length (resolution 1280 × 1024).

3. Results
3.1. Visual Aspects of Sample Surface

The effect of the treatment on the final aesthetics of the fabric was evaluated in relation
to the color of the base surface. In this instance, a beige/white fabric was used. The surface
appearance of the textile surface of each prepared specimen was reported in Figure 2.

The textile impregnation with aqueous polyurethane (Figure 2b) did not appear to
significantly alter the surface properties of basic fabric (Figure 2a). A very thin layer seemed
to coat the fibers on the surface, making them slightly brighter.

When the hydrophilic silica and zinc oxide nanoparticles were added into dispersion
(Figure 2c,f, respectively), only at the microscopic level an aesthetic change in the visible
characteristics of the material can be discerned, becoming less brilliant and whiter. The
presence of nanoparticles in the soaking solution had a significant impact when the hy-
drophobic nanosilica or carbon nanotubes were embodied in the aqueous medium, as seen
in Figure 2d,e, respectively. In the first situation, the fabric surface was colored with a
brighter white, whereas in the second case, the fabric surface darkened.

Touching and stroking the treated fabric sample resulted in no nanoparticle detach-
ment or dispersion in the surroundings. Polyurethane was found to be necessary in order
to adhere the nanoparticles to the textile structure and prevent their leakage into the
environment during use.

Although the effectiveness of keeping the physical and mechanical properties of the
polymer is critical, there is frequently another issue that can cause concerns regarding
the product quality: “Yellowing or Pinking”. This color-change issue could severely limit
the final product approval. Such discoloration was mainly attributed to a side reaction of
the polymer itself during the manufacturing process or to by-products of the stabilization
processes of antioxidants and stabilizers [20]. By comparing the color of aged samples
to the initial ones at the end of the UV irradiation time, a yellowing phenomenon of the
textile surface in specimens incorporating all the different types of nanoparticles (ZnO and
hydrophilic and hydrophobic silica) could be observed (Figure 3).

Thus, the presence of particles appeared ineffective in preventing the yellowing
of treated textiles. Due to the darker surface in CNT-based specimens, this effect was
not evident.
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Figure 2. Images of sample surfaces for (a) FAB; (b) FAB-PU; (c) FAB-PU + 4% SiO2 (200); (d) FAB-PU
+ 4% SiO2 (R812); (e) FAB-PU + 4% CNT; (f) FAB-PU + 4% ZnO.

Typically, several research findings highlighted the benefits of incorporating nanoparti-
cles into a polymer matrix to minimize UV-induced photo-oxidation, which was thought to
be the primary cause of polymer yellowing. For example, micrometric zinc oxide particles
were found to improve the stability against UV and hydrophobicity without affecting
the final mechanical performance of polyester-coated specimens [21]. The optimal ZnO
content for impregnated fabrics was set at 3–5 wt.%. The photoprotective effect was attested
through UV reflectance measurements via a spectrometer [21]. Zinc oxide nanoparticles
were synthesized and applied on cotton and wool fabrics for UV shielding in [22]. As-
sessments of the treatment’s efficiency were based on UV-Vis spectrophotometry and the
computation of the ultraviolet protection factor (UPF). Grigoriadou et al. [23] studied the
UV stability of high-density polyethylene (HDPE) with several types of nanoparticles
(montmorillonite, silica, and carbon nanotubes). Nanocomposites were aged using UV
irradiation at 280 nm at a constant temperature (25 ◦C) for up to 200 h. The results showed
a first increase in tensile characteristics after 100 h of irradiation, followed by a decrease,
with an effect more evident in the presence of nanoparticles. FTIR measurements revealed
a significant degradation of HDPE polymer, especially with the addition of silica and mont-
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morillonite. The authors concluded that such particles enhanced HDPE photo-oxidation.
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Figure 3. Impregnated textiles with WPUD containing 4% in wt. of hydrophilic nano-SiO2 before
(a) and after (b) UV treatment.

3.2. Puncture Performance

Table 2 summarizes the puncture load and displacement for impregnated fabrics
containing zinc oxide, hydrophilic silica, hydrophobic silica, and carbon nanotubes before
and after UV aging. For comparison, data from basic fabric and impregnated fabric have
been reported. Results were displayed in terms of mean (MN), median (MD), maximum
(MAX) and minimum (MIN) values, and standard deviations (STD). Figure 4 summarizes
the average puncture load for each developed system before and after UV.
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Table 2. Statistical analysis of puncture data (load and displacement) for PU-impregnated speci-
mens: mean (MN), median (MD), maximum (MAX) and minimum (MIN) values, and standard
deviation (STD).

Load Displacement

Before UV MN MD MIN MAX STD MN MD MIN MAX STD

FAB 162 157 152 182 9 28 26 21 51 7
FAB-PU 202 201 170 244 28 26 26 15 35 20

FAB-PU + 1% ZnO 187 188 158 214 16 20 18 15 26 4
FAB-PU + 4% ZnO 201 197 161 241 22 21 21 14 35 5

FAB-PU + 1% SiO2 (200) 196 195 153 239 22 22 21 12 33 6
FAB-PU + 4% SiO2 (200) 203 205 153 237 22 21 19 13 33 6

FAB-PU + 1% SiO2 (R812) 188 190 127 246 30 19 17 11 44 8
FAB-PU + 4% SiO2 (R812) 202 211 162 250 31 19 18 12 27 5

FAB-PU + 1% CNT 205 207 161 244 27 18 18 12 27 3
FAB-PU + 4% CNT 203 204 144 240 34 19 19 15 33 4

After UV

FAB 153 149 134 194 18 25 23 16 44 7
FAB-PU 162 156 134 201 23 20 18 15 33 5

FAB-PU + 1% ZnO 194 197 144 261 32 20 19 14 31 5
FAB-PU + 4% ZnO 187 181 139 258 31 19 18 13 29 4

FAB-PU + 1% SiO2 (200) 182 184 137 246 28 18 17 10 29 5
FAB-PU + 4% SiO2 (200) 179 180 127 237 35 19 17 10 38 7

FAB-PU + 1% SiO2 (R812) 189 190 130 239 31 18 17 13 31 5
FAB-PU + 4% SiO2 (R812) 205 205 163 245 26 17 16 11 27 4

FAB-PU + 1% CNT 192 200 159 212 19 16 17 11 23 3
FAB-PU + 4% CNT 204 205 162 235 21 16 15 12 23 4

There were very small effects of UV radiation on the mechanical performance of the
basic material (FAB specimens). The original polyester had an average puncturing load of
162 N, which was 153 N after UV treatment. On the contrary, a strong decrease in puncture
strength was seen for impregnated textiles (FAB-PU samples). In this case, the average
load started at ~202 N and arrived at ~162 N. The negative impact of UV weathering on
the benefits of polyurethane treatment of the fabric surface was attributed to the potential
destruction of molecular bonds in the PU polymer applied to the textile surfaces (as further
confirmed through ATR measurements). The presence of nanoparticles in polyurethane
dispersion, regardless of filler type, did not significantly increase mechanical resistance
against the piercing probe. However, the reinforcing effect of nanoparticles was observed
following UV aging. The puncturing strength of aged specimens containing nanoparticles
was superior to that of aged specimens treated only with PU. The data was statistically
examined with analysis of variance at one factor (One-way ANOVA) comparing values
from treated samples with polyurethane loaded with nanoparticles to ones from samples
treated solely with polyurethane before and after UV (Figure 5). p-value approach was
used to interpret the relevance of differences. When p is less than 0.05 (p < 0.05), there is
enough evidence to determine that the effect is significant.

Initially (before UV), systems containing nanoparticles behave similarly to systems
impregnated with polyurethane alone (p > 0.05). After UV, in all cases, p-values were
much lower than 0.05. This underlined the strong effect of nanoparticles on the puncture
strength of treated textiles, particularly in the case of carbon nanotubes and hydrophobic
silica nanoparticles.

The average displacement of the beginning fabric, which was roughly 28 mm, was
slightly reduced by treating the textile with the aqueous polymer solution. When nanopar-
ticles were added to the impregnating dispersion, especially carbon nanotubes, the capacity
of the textile to be deformed during the puncturing test was reduced even further by
stiffening the textile structure. After UV exposure, the treated textiles became more and
more rigid and less deformable.
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specimens in comparison to FAB-PU systems before and after UV exposure.

These findings were consistent with previous literature studies on the same topics.
Polyurethane served as a protective support in basic textiles, preserving and strengthening
the fibers and threads. Common coating and laminating processes were demonstrated to
be effective in enhancing the stiffness of treated fabrics because the applied polymer on
textile structures operated by binding together weft and warp threads. Mechanical strength
increased as a result of more filaments sharing the mechanical load. The previous research
activities demonstrated a variety of advantages to using polyurethane in the textile weave of
synthetic fabrics [24–26]. The impregnation treatment had no influence on the appearance
of virgin textile material despite an increase in rigidity and weight. PU-treated samples
outperformed untreated samples in terms of breaking tensile load, abrasion resistance,
water repellency, and waterproofness. [25]. The effect of aqueous polyurethane dispersion
containing hydrophilic or hydrophobic silica nanoparticles on the quasi-static perforating
features of polypropylene-based textiles was attested in [24]. As piercing probes, a spherical
spike and a pointed blade were used in quasi-static perforation experiments. The most
significant results, i.e., the greatest rise in blade strength and piercing strength compared to
the neat material, were obtained through the incorporation of the two additives, nano SiO2
and crosslinker, into the polyurethane. The beneficial effect of nano SiO2 on the mechanical
properties of produced textiles was attributed to the efficient inhibition of fibers from
sliding easily during the puncture testing by determining more energy spent in friction.

3.3. Infrared Spectroscopic Measurements

FT-IR spectroscopy, in attenuated total reflectance mode, was utilized to identify and
qualitatively analyze the chemical changes caused by ultraviolet irradiation in polyurethane-
based systems.

The ATR-FTIR spectra of basic and treated polyester-based fabrics (before and after
UV weathering) were analyzed in Figure 6.

From the left to the right, different absorption bands were recognized for the basic
PET textile [27] (Figure 6a): (i) at 2920 cm−1 and 2850 cm−1 assigned to asymmetrical and
symmetrical stretching of methylene groups (CH2); (ii) at 1712 cm−1 due to the stretching
of carboxylic ester group (C=O); (iii) at 1455 cm−1 assigned to C–H deformation; (iv) at
1245 cm−1 caused by asymmetric C-C-O stretching in the aromatic ring; (v) at 1095 cm−1

due to the ester C–O–C stretching. The absorption peak at 1407 cm−1, corresponding to the
aromatic ring, was the characteristic peak of PET [28].
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A board band at 3450 cm−1 was found in basic textiles before UV aging, usually
associated with the stretching of hydroxyl groups. In this case, this band could be due
to the possible moisture absorption on the sample surface, potentially removed during
the UV treatment in the oven at 35 ◦C. Furthermore, the polyester structure includes ester,
alcohol, anhydride, aromatic rings, and heterocyclic aromatic rings. Alcohol could react
with anhydride to form ester groups. This indicates that the polyester could still contain
residual reactants such as alcohol and anhydride [28]. The peaks at 1712 and 1095 cm−1

were considered a sign of polyester breaking under certain conditions [28]. Except for the
region between 3500 and 2500 cm−1, there was no significant alteration in the base textiles
downstream of the UV aging compared to the original scenario.

On the other side, the main characteristic bands of polyurethane polymer were dis-
tinguished in treated polyester-based textiles (Figure 6b): N-H stretching vibrations in the
range of 3500–3300 cm−1, N-H bending and C-N stretching at 1530 cm−1, C-H asymmetric
and symmetric stretching at 2930 cm−1 and 2855 cm−1, respectively, C=O stretching at
1730 cm−1, and C-O vibration at 1245 cm−1 [29,30]. The distinctions in spectra of ba-
sic PET and samples treated with PU confirmed the efficiency of the treatment on the
sample’s surface.

A comparison of ATR spectra of samples before and after UV aging was reported
in Figure 7 for systems containing zinc oxide (a), hydrophilic silica (b), and hydrophobic
silica (c). This investigation was not performed in the case of systems containing carbon
nanotubes since this filler is a black substance that absorbed all of the radiation, resulting in
a signal with a lot of noise. Li et al. [31] reported infrared spectroscopic measurements on
basic, ammino-treated, or acid-treated multi-walled carbon nanotubes. In the instance of
unfunctionalized carbon nanotubes, the signal was just noisy, with no evidence of specific
peaks or absorption bands.

In all the cases, the peak intensity of the aforesaid bands (typical of PU polymers), in-
tended as the absorbance value at the maximum point, was slightly decreased in specimens
after UV exposure. This result was considered a sign of polyurethane chemical degradation
following the UV treatment. The loss in absorbance (Lλ) was calculated as the ratio of the
recorded intensities at the specific wavenumbers (λ) of 2950 cm−1, 1750 cm−1, 1530 cm−1,
and 1250 cm−1 before UV (Aλ

beforeUV

)
and after UV (Aλ

afterUV

)
(Table 3) according to

Equation (1):

Lλ :
Aλ

afterUV

Aλ
beforeUV

(1)
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Table 3. Loss in absorbance (Lλ : L2930, L1730, L1530, L1245) at the respective wavenumber (λ: 2950 cm−1,
1750 cm−1, 1530 cm−1, 1250 cm−1) for each specimen.

L2930 L1730 L1530 L1245

FAB-PU 0.73 0.72 0.80 0.84
FAB-PU + 4% ZnO 0.75 0.85 0.67 0.81

FAB-PU + 4% SiO2 (200) 1.25 0.85 0.66 0.80
FAB-PU + 4% SiO2 (R812) 0.77 0.83 0.89 0.87

Depending on whether the PU polymer is aliphatic or aromatic, photo-oxidation
could take different courses. In the case of aliphatic PU (as in this case study), firstly, a
mechanism of random chain scission could occur (Norrish Type I reaction) by leading to
the formation of free radicals (Figure 8). These radical species could abstract hydrogen
from CH2 groups and generate polymer peroxy radical (PO2

•) and polymer hydroperoxide
(POOH). The POOH could then be converted into polymer oxy (PO•) radicals if the scission
reaction occurs, or hydroxyl group (POH) if the abstraction hydrogen reaction occurs. The
degradation pathway could end with the interaction of different radicals with each other
via the crosslinking reaction [32].
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Figure 8. Possible reactions occurred during the UV-induced degradation of PU polymer.

As concerning the nanoparticles, zinc oxide displayed an absorption signal at wavenum-
bers less than 500 cm−1, not reached in the present case [33]. Hydrophilic silica (Aerosil
200) displayed two characteristic peaks in the range of 1050–780 cm−1 attributed to the
asymmetric–symmetric vibration of the Si-O-Si bond (siloxane groups) [34]. Hydropho-
bic silica (Aerosil R812) displayed a recognizable peak in areas of C-H stretching bands
(2850–3000 cm−1), considered correlated to the alkyl groups of organo-silane modifiers on
the surface of silica nanoparticles, and the main peak at 1100 cm−1 corresponding to the
symmetric Si-O-Si stretching [35].

Following UV irradiation, the intensity of absorption bands of hydroxyl radicals (OH•)
in the area of 3600–3200 cm−1 rose only for FAB-PU + 4% SiO2 specimens. This could be
due to the formation of hydroxyl radicals during the cleavage of polymer peroxy radicals
(as indicated in the last reaction reported in Figure 8), which were next linked to silica,
given the hydrophilic nature of nanoparticles.

4. Conclusions

This work investigated the mechanical characteristics, in terms of puncture strength, of
impregnated polyester-based textiles with aqueous polyurethane solutions containing dif-
ferent types of nanoparticles, such as zinc oxide, functionalized silica (both hydrophilic and
hydrophobic), and carbon nanotubes. All systems were evaluated using a puncturing test,
infrared spectroscopy, and microscopic examination before and after UV-accelerated aging.

The results revealed a change in the appearance of treated specimens containing
nanoparticles, particularly hydrophobic silica and carbon nanotubes. Such nanoparti-
cles remained more distributed on the sample surface without spreading onto the textile
structure. Furthermore, in the case of CNT, the textile surface retained its black hue. The
mechanical resistance of PU-impregnated specimens was raised compared to basic fabric.
A negligible effect on the average puncture strength of PU-treated textiles was verified
when nanoparticles were introduced to the textile treatment. On the other side, the stiffness
of neat fabric became higher when the polyurethane was applied to the textile surface.

Following UV aging, the yellowing effect was also visible in nanoparticle-containing
specimens. A loss of mechanical performance was verified for basic fabric and PU-
impregnated specimens. When nanoparticles were present on the fabric surface, the
average puncture strength of treated specimens remained greater than the average value
obtained in fabric treated with polyurethane alone (without nanoparticles). This was at-
tributed to an increase in energy spent in friction during the passage of the puncturing
probe in the textile surface covered by nanoparticles. In such systems, infrared spectroscopy
revealed a weak drop in absorbance intensity for polyurethane absorption bands, intended
as potential polymer deterioration during UV weathering.

Finally, the addition of nanoparticles to impregnated fabrics did not significantly
inhibit polymer deterioration after UV treatment, as evidenced by yellowing in treated
specimens. However, the nanoparticles seemed to positively contribute as reinforcement of
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PU polymer into the textile structure to overall improve the mechanical strength, especially
after UV exposure.
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Abstract: Plastic waste is a global issue leaving no continents unaffected. In the environment, ultravi-
olet radiation and shear forces in water and land contribute to generating micro- and nanoplastic
particles (MNPP), which organisms can easily take up. Plastic particles enter the human food chain,
and the accumulation of particles within the human body is expected. Crossing epithelial barri-
ers and cellular uptake of MNPP involves the interaction of plastic particles with lipids. To this
end, we generated unilamellar vesicles from POPC (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine)
and POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine) and incubated them with pristine,
carboxylated, or aminated polystyrene spheres (about 1 µm in diameter) to generate lipid coronas
around the particles. Lipid coronas enhanced the average particle sizes and partially changed the
MNPP zeta potential and polydispersity. In addition, lipid coronas led to significantly enhanced
uptake of MNPP particles but not their cytotoxicity, as determined by flow cytometry. Finally, adding
proteins to lipid corona nanoparticles further modified MNPP uptake by reducing the uptake kinetics,
especially in pristine and carboxylated plastic samples. In conclusion, our study demonstrates for
the first time the impact of different types of lipids on differently charged MNPP particles and
the biological consequences of such modifications to better understand the potential hazards of
plastic exposure.

Keywords: A549 cells; dynamic light scattering; microplastic; surface plasmon resonance; unilamellar
vesicles

1. Introduction

Plastic waste pollution in the environment has increased drastically in the past
decades [1,2]. A plentitude of plastic types can be found in soils or water bodies [3,4].
Due to environmental impacts, such as ultraviolet (UV) radiation and shearing forces,
the waste breaks down into micro- and nanoplastic particles (MNPP) [5]. As their num-
bers increase, a plentitude of particles is found in different areas of the world, even in
isolated mountain regions and deep-sea sediments [6,7]. These increasing numbers of
MNPP, especially in water and air, threaten (aquatic) ecosystems and even the human food
chain [8,9]. There are two prevailing perspectives regarding the categorization of the term
nanoplastic. Some favor the classification of particles smaller than 1000 nm, while others
suggest the use of this term only for particles smaller than 100 nm [10–12]. An upper limit
of 100 nm is commonly used by general consensus [13]. As in the environment, the size of
plastic particles is likely a continuum. Therefore, it seems feasible to include both terms
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(microplastic and nanoplastic) in a single acronym (MNPP). The plastic particles used in
this study were mostly about 1 µm.

In addition to the known formation of protein coronas around ingested nanoparti-
cles [14,15], interactions of environmentally relevant nanoparticles with lipids [16–18] and
modulation of their cell entry pathways can also be expected. Lipid corona formation might
also result in (local) lipid oxidation, further increasing the physiologic impact on cells and
mammal organisms [19,20].

In this study, two highly amphiphilic glycerophospholipids (GP), POPC (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine) and POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
L-serine), as well as a combination of both, were investigated. The investigated glycerophos-
pholipids have a similar tail structure, while their head group structure was different [21].
With these different head group structures, the lipids’ charges also differ. POPC is a
neutrally charged lipid [22], while POPS is known to be negatively charged [23]. Glyc-
erophospholipids are the main structural lipid components of eukaryotic cell membranes,
with phosphatidylcholine representing more than 50% of all cell membrane phospho-
lipids [21]. In line with this, POPC and POPS are described as lipids of the extracellular
membrane across all tissue types according to the human metabolome database. POPC is
especially found in the placenta, while POPS can be found in the brain, heart, kidney, and
liver tissue. Among other lipids, POPC is also an important factor in lung health, as it is a
component of pulmonary surfactants crucial for lung health and compliance [24], while
POPS is an important factor in apoptosis and enzyme activation [25].

This study aims to understand the formation of lipid coronas with three different
lipid compositions and three different MNPP surface charges. In addition, the lipid corona
plastic nanoparticles were tested in A549 human lung cells to investigate the impact of these
particles on cells. In addition to dermal and enteral uptake, breathing and transmission via
the lung tissue is one of the possible routes suggested for MNPP for entering the human
body. Even though they are of malignant origin, human A549 lung cancer cells were chosen
as a model cell line in this study to address this aspect.

2. Materials and Methods
2.1. Liposome Preparation by Extrusion

Unilamellar vesicle liposomes were prepared using an extrusion method with mod-
ifications from to original protocol [26,27]. Briefly, the liposomes were prepared from
1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (16:0-18:1 PC (POPC); Avanti Polar Lipids,
Alabaster, AL, USA) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (16:0-18:1
PS (POPS); Avant Polar Lipids, Alabaster, AL, USA) at 1 mM (final concentration). The
lipids were used as mono-lipids or combined with POPC:POPS (75 µM:25 µM) to form
liposomes. Therefore, the respective amount of lipid was diluted in a glass tube using
2 mL chloroform (Carl Roth, Karlsruhe, Germany) prior to chloroform evaporation in an
N2-evaporator (TurboVap; Biotage, Uppsala, Sweden) to form a lipid film. The lipid film
was rehydrated in an inorganic solvent (i.e., Dulbecco’s phosphate-buffered saline (DPBS);
BioWest, Nuaillé, France) and heated to 40 ◦C in a water bath. After dissolving the lipid
film in the inorganic solvent, the solution was either frozen in liquid nitrogen for 1 min
or completely frozen, depending on the volume of the inorganic solvent. Afterward, the
frozen solution was reheated to 40 ◦C, and this freeze–thaw process was repeated 5 times.
To form unilamellar vesicles of a uniform size, the solution was extruded 13 times through
a Nuclepore membrane filter with a pore size of 0.1 µm (Whatman products; Cytiva, Marl-
borough, MA, USA) using a mini extruder (Avanti Polar Lipids, Alabaster, AL, USA) on a
40 ◦C heating plate. The extruded unilamellar vesicles were stored at 4 ◦C for a maximum
of 3 days.

2.2. Interaction of Plastic Particles and Unilamellar Vesicles

To investigate the effect of the interaction between differently composed unilamellar
vesicles and plastic particles, polystyrene (PS) particles (Polysciences Europe, Hirschberg,

109



Materials 2023, 16, 5082

Germany) with an average size of 1 µm without further modification (PS) or with different
surface modifications, such as carboxylation (PS-COOH) or amination (PS-NH2), were
incubated with unilamellar vesicles. The particles were diluted to 1.25 mg/mL in DPBS
and incubated in equal volumes with unilamellar vesicles (1 mM of POPC, POPS, or
POPC:POPS at 75 µM:25 µM) for 1 h at 37 ◦C in a ThermoMixer (Eppendorf, Hamburg,
Germany) with an agitation of 300 rpm (Figure 1a). After incubation, suspensions were
centrifuged (4 ◦C) for 45 min at 10,000× g, the supernatant was discarded to remove
unbound liposomes, and the remaining pellet was resuspended in DPBS.
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Figure 1. Dynamic light scattering. (a) interaction protocol of polystyrene MNPP and unilamellar
vesicles; (b) hydrodynamic size distribution (nm) and intensity weighted (%). Data are presented
as the mean of three independent experiments. The plastic particles alone measured via DLS
are shown as grey curves, while green (POPC), turquoise (POPS), and blue (POPC:POPS) curves
show lipids incubated with respective plastic particles. POPC = 1-palmitoyl-2-oleoyl-glycero-3-
phosphocholine; POPS = 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine; PS = polystyrene;
PS-COOH = carboxylated polystyrene; PS-NH2 = aminated polystyrene. Statistical analysis is from
Table 1.
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Table 1. Dynamic light scattering quantification. Polydispersity index (PDI) and Z-average (in nm)
measurements of polystyrene MNPP and unilamellar vesicles. Data are presented as mean ± SD of
three independent experiments. DPBS = Dulbecco’s phosphate-buffered saline; POPC = 1-palmitoyl-
2-oleoyl-glycero-3-phosphocholine; POPS = 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine;
PS = polystyrene; PS-COOH = carboxylated polystyrene; PS-NH2 = aminated polystyrene. Significant
differences from the DPBS control groups are indicated in bold (* p < 0.05; ** p < 0.01; *** p < 0.001;
n.s. = non-significant).

PS PS-COOH PS-NH2

DPBS PDI 0.42 ± 0.05 0.21 ± 0.05 0.19 ± 0.04
POPC PDI 0.41 ± 0.15 n.s. 0.20 ± 0.10 n.s. 0.21 ± 0.10 n.s.

POPS PDI 0.42 ± 0.06 n.s. 0.26 ± 0.05 ** 0.28 ± 0.10 *
POPC:POPS PDI 0.55 ± 0.12 ** 0.27 ± 0.05 * 0.24 ± 0.03 **

DPBS Z-average 1753 ± 224.10 1193 ± 45.08 1247 ± 38.26
POPC Z-average 1878 ± 108.70 n.s. 1193 ± 57.60 n.s. 2365 ± 552.7 ***
POPS Z-average 1785 ± 131.90 n.s. 1195 ± 24.67 n.s. 1414 ± 329.9 n.s.

POPC:POPS Z-average 1937 ± 193.70 * 1226 ± 35.87 n.s. 1188 ± 16.00 **

2.3. Dynamic Light Scattering and Zeta Potential

All samples were subjected to dynamic light scattering (DLS). For this, the resus-
pended particle pellets were diluted in DPBS and measured in DTS1070 cuvettes (Malvern
Panalytical, Kassel, Germany) using a Zetasizer Ultra device (Malvern Panalytical, Kassel,
Germany). Measurements were performed in technical triplicates both for the hydro-
dynamic size as well as for the zeta potential. Hydrodynamic size measurements were
performed at 25 ◦C with an equilibration time of 60 s. Zeta potential measurements were
performed at 25 ◦C with an equilibration time of 120 s for a total of 25 runs. The DLS
data were exported from the manufacturer’s software ZSXplorer (Malvern Panalytical,
Kassel, Germany).

2.4. Surface Plasmon Resonance (SPR)

An L1 sensor chip (Cytiva, Marlborough, MA, USA) was coated with unilamellar
vesicles consisting of either POPC (1 mM) or a combination of POPC:POPS (75 µM:25 µM).
The coating of the sensor chip surfaces was performed in a manual run, starting with
three injections of 20 mM 3-[(3-Cholamidopropyl)-dimethylammonio]-1-propansulfonat
(CHAPS; Carl Roth, Karlsruhe, Germany) at a flow rate of 10 µL/min for 60 s. After
changing the flow rate to 5 µL/min, 1 mM of unilamellar vesicles was injected for 16 min.
The unbound unilamellar vesicles were removed by a 60 s injection of 10 mM NaOH
Carl Roth, Karlsruhe, Germany) at a 30 µL/min flow rate. To prove that the sensor chip
surface was fully coated with the unilamellar vesicles, 0.125 mg/mL bovine serum albumin
(BSA; Carl Roth, Karlsruhe, Germany) was injected for 60 s at a flow rate of 10 µL/min.
The change in relative units (RU) was investigated after injecting pristine PS into the
lipid-coated sensor chip surface. For this, the 1 µm plastic particles were diluted to a
concentration of 0.625 mg/mL in DPBS and injected at a flow rate of 10 µL/min for 90 s to
allow the interaction with the lipid-coated sensor chip surface. After the experiments, the
lipid coating was removed from the sensor chip surface with three 90 s injections of 20 mM
CHAPS at a 10 µL/min flow rate.

2.5. In Vitro Experiments

Unilamellar vesicles (1 mM) were incubated in equal volumes with three different
1 µm free-labeled plastic particles (PS, PS-COOH, and PS-NH2) for 1 h at 37 ◦C with
horizontal agitation (300 rpm). Vesicle mixtures or control solution (DPBS) was then
applied to A549 cells (ATTC. CCL-185), which were seeded at 1 × 104 cells in 24-well flat-
bottom plates (Thermo Fischer, Dreieich, Germany) for attachment 24 h before treatment in
Dulbecco’s Modified Eagle Medium (DMEM; Pan-Biotech, Aidenbach, Germany) with high

111



Materials 2023, 16, 5082

glucose (4.5 g/L), supplemented with or without 10% fetal calf serum (FCS; Sigma-Aldrich,
Taufkirchen, Germany). A549 cells were incubated with 10 µg/mL (final concentration)
of the pre-incubated particles for 3 h to 24 h at 37 ◦C, 5% CO2, and 95% humidity. After
incubation, the cells were subjected to microscopy or detached using Accutase (BioLegend,
Amsterdam, The Netherlands) for flow cytometry.

2.6. Flow Cytometry

The effects of MNPP on A549 cells were investigated using flow cytometry (CytoFLEX
S; Beckman-Coulter, Krefeld, Germany) 24 h after exposure. The cells were harvested,
washed in PBS, and resuspended in 96-well plates with PBS. At least 50,000 cells were
acquired per sample. Forward and side-scatter signals were analyzed, and their intensi-
ties were quantified using Kaluza Analysis 2.2 software (Beckman-Coulter, Krefeld, Ger-
many). Gating strategies in forward scatter plots were used to determine the percentage of
dead cells.

2.7. Microscopy Analysis

After exposure of A549 cells to lipid-coated and control MNPP for 24 h, the cells were
washed with PBS to remove the remaining particles. Nine fields of view per well were
captured using a 20× air objective (NA 0.4; Zeiss, Jena, Germany) and a high-content
imaging system (Operetta CLS; PerkinElmer, Hamburg, Germany). After flatfield and
brightfield corrections, cells were segmented using digital phase contrast. Algorithm-based
quantitative image analysis was performed using Harmony 4.9 software (PerkinElmer,
Hamburg, Germany) to analyze cell roundness and cell area (µm2).

2.8. Statistical Analysis

Prism 9.5.1 (GraphPad Software, San Diego, CA, USA) was used for graphs and
statistical analyses. If not stated otherwise, data are displayed as mean ± standard deviation
(SD). The data sets were tested for normal distribution using the D’Agostino and Pearson
tests. For normally distributed data sets, one-way analysis of variance (ANOVA) was used
to compare more than two groups. Two groups were tested using a t-test. The levels of
significance were indicated as follows: α = 0.05 (*), α = 0.01 (**), and α = 0.001 (***).

3. Results
3.1. Type of Lipid Corona Modulated MNPP Properties

The interaction of differently surface-modified polystyrene MNPP and a unilamel-
lar vesicle model composed of different lipids was investigated using DLS. Changes in
hydrodynamic size, as well as zeta potential, were investigated after the incubation of
the components (Figure 1b). After the incubation of 1 µm pristine PS particles with a
combination of the investigated lipids, POPC:POPS (75 µM:25 µM), a significant change
in the polydispersity index (PDI) was measured (Table 1). Several changes in size and
PDI were observed, depending on the type of lipid incubated. For the PS-COOH particles,
POPS and POPC:POPS significantly increased the PDI. The incubation of PS-NH2 particles
with POPC and POPS unilamellar vesicles showed changes in the investigated Z-average
as well as in the corresponding PDIs.

Subsequent analyses of the suspensions’ zeta potential were performed to investigate
the surface charge effects after the exposure of the PS plastic particles to different unilamellar
vesicles (Figure 2). Here, the incubation of PS and PS-COOH particles with POPC:POPS
liposomes showed a significant increase in the measured zeta potential, whereas the
incubation with POPC showed a significant decrease and increase in zeta potential in
PS-COOH and PS-NH2 MNPP, respectively. Next, the interaction of the PS particles with a
lipid-coated gold sensor chip was investigated using surface plasmon resonance (Figure 3).
The data indicated a better interaction between the gold sensor chip, which was only
coated using POPC, and a change in the relative response units (RU) of around 500 RU
after injection of the PS particles. Coating the gold sensor surface with a lipid mixture of
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POPC:POPS resulted in a response of only 50 RU after the incubation with PS particles,
indicating a non-sufficient interaction between the particles and the coated sensor surface.
Altogether, these results indicated that the type of lipid corona is decisive in altering MNPP
surface characteristics. At the same time, the initial plastic surface charge is also relevant
regarding potential modifications by lipid coronas.
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Figure 2. Zeta potential. Changes in zeta potential in millivolt (mV) after incubation of pristine (left),
carboxylated (middle), and aminated (right) 1 µm plastic particles with the respective unilamellar
vesicles. Data are presented as mean ± SD of three independent experiments. Statistical analysis was
performed using one-way analysis of variances (ANOVA) with Dunnett’s post hoc test against DPBS
(without liposome incubation), and are indicated as follows: * p < 0.05; DPBS = Dulbecco’s phosphate-
buffered saline; POPC = 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine; POPS = 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-L-serine; PS = polystyrene; PS-COOH = carboxylated polystyrene;
PS-NH2 = aminated polystyrene.
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Figure 3. Surface plasmon resonance responses. (a) Time (s) dependent responses after injection of
PS particles into a POPC-coated sensor surface; (b) time-dependent responses after the injection of PS
particles to a sensor surface coated with POPC:POPS (75 µM:25 µM). RU = response units. Arrows
mark the injection timing. Arrows indicate starting of regeneration phases of the sensor.

3.2. Lipid Coronas Affected Nanoparticle Uptake in Cells

After investigating the effects of the lipid coronas on MNPP surface characteristics,
we investigated the biological consequences of the lipid coronas. A549 cells were incubated
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under nine different MNPP conditions and investigated using flow cytometry 24 h later
(Figure 4a). Cytochalasin B (CytoB) was used as a positive control to inhibit actin filament
polymerization and cell growth to increase granule formation in cells, leading to increased
side-scatter signals (Figure 4b). The side-scatter intensity of 1 µm PS and PS-COOH
particles was significantly affected by the presence of POPC and POPS unilamellar vesicles
(Figure 4c). Interestingly, no effect was observed with POPC:POPS liposomes.
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Figure 4. Cellular plastic particle uptake using flow cytometry. (a) Experimental setup of the
pre-incubation of particles with different unilamellar vesicles and subsequent exposure to A549
cells; (b) representative side-scatter histograms of cells using flow cytometry; (c) side-scatter in-
tensity quantification (%) in conditions with (+) or without (-) liposomes. Data are presented as
mean ± SD of three independent experiments. Statistical analysis was performed using one-way
analysis of variances (ANOVA) with Dunnett’s post hoc test against DPBS (with liposome incu-
bation) or t-test, comparing the results with and without liposomes, which are indicated as fol-
lows: * p < 0.05; ** p < 0.01; *** p < 0.001;. n.s. = non-significant; DPBS = Dulbecco’s phosphate-
buffered saline; POPC = 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine; POPS = 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-L-serine; PS = polystyrene; PS-COOH = carboxylated polystyrene;
PS-NH2 = aminated polystyrene.
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Next, we inferred whether MNPP lipid coronas affected the cell morphology (Figure A1).
Using algorithm-driven quantitative image analysis, we found no effect of the lipid coronas
of MNPP on average cell areas (Figure 5a) and cell roundness (Figure 5b). In contrast, sig-
nificant differences were observed concerning cell death, which increased when A549 cells
were cultured with lipid corona-modified PS-NH2 MNPP under all conditions (Figure 5c).
However, the PS and PS-COOH mixtures with POPC and POPS showed decreased cell
death compared to their control counterparts. In addition, for PS-COOH incubated with
POPC:POPS, decreased cytotoxicity was observed, whereas for PS with POPC:POPS, cyto-
toxicity remained unaltered.
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Figure 5. Cell morphology and viability analysis. (a) Cell areas (µm2), (b) cell roundness (a.u.),
and (c) percentage of dead cells in A549 cells incubated with different pre-incubated particles.
Data are presented as mean ± SD of three independent experiments. Statistical analysis was per-
formed using ANOVA, comparing results with and without liposomes, which are indicated as
follows: * p < 0.05; ** p < 0.01; *** p < 0.001; n.s. = non-significant; DPBS = Dulbecco’s phosphate-
buffered saline; POPC = 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine; POPS = 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-L-serine; PS = polystyrene; PS-COOH = carboxylated polystyrene;
PS-NH2 = aminated polystyrene.

In addition to lipids, proteins are ubiquitous biomolecules present in the body. To this
end, we investigated the effect of surplus proteins on the interaction of particles with A549
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cells. In this experiment, fluorescently labeled PS particles (PS-NH2 55 nm; PS 190 nm; PS
1040 nm) were pre-incubated with 1 mM POPC unilamellar vesicles for 1 h at 37 ◦C prior to
the exposure of A549 cells to these pre-coated particles for different time points. Under one
condition, the cells were washed with PBS, and the cell medium was replaced with a cell
culture medium not supplemented with 10% FCS, whereas under the other experimental
conditions, the cells were washed with PBS and supplemented with a cell culture medium
containing 10% FCS.

MNPP uptake was determined by fluorescence using flow cytometry. The presence of
FCS led to a significant decrease in the MNPP uptake, independent of their size (Figure 6).
The largest effect, however, was observed for the 190 nm particles. Pristine particles (190 nm
and 1040 nm) showed increased uptake over time, while positively surface-charged particles
(NH2) were taken up immediately and were already at a maximum of 30 min post-addition.
Altogether, the type of lipid corona significantly affected MNPP uptake into cells, which
was the case for the total uptake and its kinetics. Additionally, the particle toxicity was
differently affected by the different conditions applied.
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Figure 6. Contribution of FCS to A549 cell particle uptake. Measurement of the uptake of plastic
particles (pre-incubated with POPC) in A549 cell using flow cytometry and quantified for small
(0.2 µm and 1.0 µm) and aminated (55 nm) particles in the presence and absence of FCS quantified
at three different time points post-exposure (30 min, 60 min, and 180 min). Data are presented
as mean ± SD of three independent experiments. Statistical analysis was performed using multi-
ple ratio-paired t-tests, comparing results with and without FCS, which are indicated as follows:
* p < 0.05; ** p < 0.01; POPC = 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine; PS = polystyrene;
PS-NH2 = aminated polystyrene.

4. Discussion

Environmental pollution with micro- and nanoplastic particles (MNPP) has evolved
over the last decades, infesting the human food chain [8,9,28]. With this rising problem
of environmental pollution, the contact of mammalian and human bodies with MNPP is
inevitable. Although the interaction of proteins with model plastic particles is studied
well [29–31], little is known about the interaction of lipids with model polystyrene parti-
cles [32]. A corona forms around the particle when plastic particles contact biomolecules
like proteins, lipids, and sugars. In the case of well-studied protein coronas, a soft and
hard corona is formed around the particles, determining the plastic particles’ fate in organ-
isms [33,34]. Our study investigated the interaction of a unilamellar vesicle model with
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polystyrene particles modified with different surface chemistries. The model lipids chosen
for this study are cell membrane-relevant POPC and POPS [21,35].

Different studies describe the interactions between nanomaterials and lipids in dif-
ferent bodily fluids. Hellstrand and colleagues investigated the interactions of human
plasma lipids with nanomaterials and showed that whole lipoprotein complexes are prone
to interact with nanomaterials [36]. Our study also suggests an interaction of lipids with
polystyrene material, depending on the different surface chemistries. Especially after
incubation with suspensions containing a high amount of neutral lipids like POPC, the
hydrodynamic size of the positively charged aminated PS particles (PS-NH2) increased.

The interaction and the formation of lipid coronas of physiological lipids in mouse
serum, like triglycerol and cholesterol, were studied by Lima et al. using PS-COOH particles
of different sizes [33]. The study observed that cholesterol binding depends largely on the
size of the investigated particles and less on the surface area, whereas triglyceride binding
seems to be affected by the surface area of the investigated particles [33]. In contrast, our
carboxylated particles did not show increased hydrodynamic sizes independent of the lipid
corona type. The reason might be that the structure of the investigated lipids differs from
the structures of cholesterol and triglycerides investigated in other studies.

Cholesterol inherits a unique structure with a hydrocarbon tail, a sterol core out of
four hydrocarbon rings, and a hydroxyl group, where the hydrocarbon tail and the ring
system are non-polar and consequently do not mix with water [37]. Bloodstream transport
is, therefore, only possible if water-insoluble lipids like cholesterols are attached to proteins
in the bloodstream, the so-called apolipoproteins [38]. Possibly, the attachment of lipids
like cholesterol to the lipoproteins is the driving force in the interaction of the lipids with
PS particles.

Once particles enter body fluids, corona formation is described as being driven by the
reduction of the high surface energy of the particles and is, therefore, a highly dynamic
process [33]. Over time, the biocorona composition changes by replacing biomolecules
attached early to the particle surface with other biomolecules with a higher affinity to
the polymer surface until an equilibrium is reached, which is described as the Vroman
effect [39]. In these studies, proteins in the investigated solution, like blood serum, seem
to be the driving force in corona formation, during which lipid attachment is more likely
an additional effect. Our experiments only investigated solutions containing unilamellar
vesicles without a protein admixture in the suspension. The vesicles used in this study
were ~100 nm, with hydrophilic head groups located outside the vesicles, whereas the
hydrophobic tail structures were centered in a lipidic bilayer. With this stable unilamellar
vesicle system, the attachment of the lipids to the particle surface seems to be inhibited.

In the case of positively charged PS-NH2 particles, it seems that the driving force
of interaction is the charge difference between the particles and the unilamellar vesicles.
Theoretically, the unilamellar vesicles composed of POPC should be neutral in charge,
but in zeta potential measurements, they show a negative zeta potential. This might
be an effect of the suspension medium, in which DPBS, a buffer containing negatively
charged phosphates, was used. Potentially, this medium affected the overall charge of
the unilamellar vesicles in this suspension and enforced the interaction of the positively
charged particles with the unilamellar vesicles containing POPC.

The effect of the buffer medium might also explain why suspensions of only negatively
charged unilamellar vesicles, like POPS, did not increase the hydrodynamic size of any of
the tested MNPP. Repulsion effects between the unilamellar vesicles and the buffer medium
should also be considered, i.e., the particles may not come close enough to the unilamellar
vesicles for any interaction to occur. Conversely, the disruption of lipid bilayers is faster and
induces a greater leakage with positively charged particles than with negatively charged
particles [40]. This effect seems to be due to the surface modification and is independent of
the particles’ core material, so the amination of the polystyrene particles can be the reason
for their interaction behavior [40,41].
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With the POPC:POPS liposome solutions, the PDI and zeta potential changed signifi-
cantly. PDI changes indicate aggregates formed in the investigated suspension after incu-
bating the liposome suspension with the particles [42]. The significant change in the PDI
after the incubation of PS particles with POPC:POPS liposomes, and under some conditions,
significant changes in the hydrodynamic size average, indicate that lipid–lipid aggregates
might have formed and that an interaction between the particles and the POPC:POPS
liposomes is unlikely. This fact can also be assumed since, in the surface plasmon resonance
experiments, no interaction between the PS particles and the POPC:POPS-covered sensor
chip surface could be measured (Figure 3b). In contrast, the highly significant change in the
hydrodynamic size after the incubation of PS-NH2 with the POPC liposome suspension
without changing the PDI indicates an attachment of the lipids to the investigated particle
without forming aggregates. Incubation of POPC:POPS liposomes with PS-NH2 showed
a significant difference in the average hydrodynamic size. The data also suggested the
formation of lipid–lipid aggregates in the PDI.

Zeta potential change is an important measurement to characterize the suspension’s
stability and investigate the surface functionality of particle dispersions [43]. The resulting
zeta potential occurs due to the interaction of ions solubilized in the measuring buffer
with the functional groups on the particles’ surface. Suspensions with zeta potentials
ranging between −30 mV and +30 mV are considered stable due to the sufficient repulsive
force in the system to avoid aggregate formation in the solution [44]. The change in zeta
potential after the incubation of the unilamellar vesicles consisting of POPC:POPS with PS
particles indicates that the solution stabilizes in the presence of POPC:POPS liposomes. In
a suspension system considered stable, repulsion occurs between the components, so an
interaction seems very unlikely.

The significant decrease in zeta potential after adding POPC liposomes to PS-COOH
particles suggests that the suspension is no longer stable and is more prone to form aggre-
gates. Yet, the formation of aggregates was not observed in the analysis of hydrodynamic
sizes. We assume that due to repulsion effects, no aggregates and no interaction of the
particles and the added liposomes were formed due to the same surface charges of the
components. While the interaction of PS particles with POPC liposomes showed changes
in neither the hydrodynamic size nor the PDI, an interaction of these components was ob-
served in SPR analysis. This might be due to a larger lipid interaction surface and, therefore,
more attraction of the particles to the lipid-coated sensor surface than to the liposomes.

A549 cells responded differently to MNPP, with and without lipid corona. Cytotoxicity
was significantly altered, as previously shown by others [45,46] and ourselves [47], and
PS-NH2 showed more pronounced effects. Interestingly, we presume that particle size may
be a distinguishing factor in aminated particle cytotoxicity. Smaller particles, such as 55 nm,
are readily cytotoxic, as previously demonstrated [47], while larger particles, such as the
1 µm PS-NH2 particles used in our study, were cytotoxic, but not of the same magnitude.
This was potentially due to the limited uptake of positively charged particles at that size,
as suggested by the side-scatter quantification in our study (Figure 4c). Interestingly, POPC
lipid addition to these particles did not affect the uptake rates either. This is notable since
this condition showed the most significant size change effect in our study (Figure 1b). This
can be explained by the size of the pre-incubated particles, which are too large to interact
with the cells [48]. Moreover, POPC incubation seemed to mask the uptake-increasing
effects of POPS on PS-NH2, as incubation with POPC:POPS PS-NH2 did not differ from
particles without adding lipids.

Generally, pre-incubated PS and PS-COOH particles seemed to interact more in our
A549 cell model. This is concerning because environmental particles that were ingested
or inhaled also had a kind of “pre-coating” with different biomolecules before or while
entering the human food chain [49]. This corona formation around the environmentally
relevant particles can also alter the interaction behavior of the particles within cells and
organisms. The particles can also transport chemicals to mammalian organisms, such
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as ethane (DDT), polychlorinated biphenyls (PCB), and so-called endocrine disruptors,
potentially affecting the hormone systems [50].

Our study could not provide direct evidence of lipid corona formation on MNPP.
Nevertheless, DLS experiments have shown increasing polystyrene particle sizes following
incubation with lipids, suggesting the latter’s coating on the plastic particles. Alternatively,
future studies could perform mass spectrometry analysis to provide unambiguous evidence
of lipid attachment to the MNPP. The biological relevance of our study is also potentially
hampered by the fact that MNPP modification by, e.g., protein or lipid coronas, would
occur already before entering the cells. This could be due to, for example, the mucus that
covers the epithelium. In addition, major MNPP modifications may also be formed only
after uptake into the circulatory system. Future in vivo trials may reveal the presence and
relevance of MNPP modifications via the respiratory route.

5. Conclusions

The interaction between lipids and plastic particles was studied using a liposome
model, and polystyrene (PS) particles were subjected to DLS, zeta potential measurements,
and SPR analysis. The type of lipid and plastic particle surface charge also affected the
uptake and toxicity of human A549 lung cells differently. In future studies, polymethyl
methacrylate (PMMA), polyethylene terephthalate (PET), and polypropylene (PP) particles
in the sub-micron range should be studied, and for PS model particles, both dynamics and
lipid oxidation should be investigated via high-resolution mass spectrometry. These studies
are needed to prove the dependencies of cell interactions on lipid charge, nanoparticle
material (PMMA/PVC), and surface modification.
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Figure A1. Representative microscopic A549 cell images. Images were taken after the exposure
of A549 cells to different types of PS particles pre-incubated with or without different types of
liposomes. Especially PS-COOH and PS-NH2 MNPP incubation with A549 cells increased the
appearance of intracellular structures with higher density (dark spots) indicative of particle uptake.
This phenomenon can be quantified as an increased side-scatter signal in flow cytometry. The overall
cellular size and shape were not affected by MNPP incubation.
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Abstract: The viscous fingering phenomenon often occurs when a low-viscosity fluid displaces a
high-viscosity fluid in a homogeneous porous media, which is an undesirable displacement process
in many engineering applications. The influence of wetting gradient on this process has been studied
over a wide range of capillary numbers (7.5× 10−6 to 1.8× 10−4), viscosity ratios (0.0025 to 0.04), and
porosities (0.48 to 0.68), employing the lattice Boltzmann method. Our results demonstrate that the
flow front stability can be improved by the gradual increase in wettability of the porous media. When
the capillary number is less than 3.5 × 10−5, the viscous fingering can be successfully suppressed and
the transition from unstable to stable displacement can be achieved by the wetting gradient. Moreover,
under the conditions of high viscosity ratio (M > 0.01) and large porosity (Φ > 0.58), wetting gradient
improves the stability of the flow front more significantly.

Keywords: wetting gradient; suppressed viscous fingering; porous media; multiphase flow; immiscible
fluid displacement; lattice Boltzmann simulation

1. Introduction

The displacement of immiscible two-phase fluids in porous media is an important
subject in natural and engineering fields, including oil exploration [1], carbon dioxide stor-
age [2], fuel cells [3,4], batteries [5], water purification [6], general electrochemical energy
storage [7,8] etc. For example, in oil exploration, the preferential flow of displacement
fluids will bypass larger areas of oil, trapping some of the oil in the reservoir, thus reducing
oil recovery efficiency [9]. In terms of carbon dioxide storage, supercritical carbon dioxide
is injected into a deep saline aquifer. The viscous stability of the primary drainage process
is of major interest for the injection of carbon dioxide in saline aquifers, since it determines
the spread of the carbon dioxide plume in the target aquifer and consequently the initial
utilization of the pore space for carbon dioxide storage [10]. It is of great significance for
understanding the flow laws of immiscible fluids in porous media.

In order to better study the flow law of fluid in porous media, it is necessary to
quantitatively analyze the results. There are several parameters for quantitative analysis,
including the displacement efficiency, saturation, interface length and fractal dimension.
The displacement efficiency refers to the percentage of the volume of the displaced fluid
flowing out and the initial filling volume [11]. The saturation refers to the percentage of
the displacement fluid volume in the total pore volume [12]. The saturation can be the
percentage at different times, which is different from displacement efficiency. The length
of the interface is defined as the length of the interface between the displacing fluid and
the displaced fluid. It is often employed to characterize the instability of the fluid front.
The longer the interface length, the more unstable the flow along the front of the fluid. The
fractal dimension is described as a measure of the space-filling capacity of a pattern, which
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is used as an indicator to represent the complex geometric form, to compare the changes of
details in the pattern, and to reflect the effectiveness of complex shapes occupying space. It
is a measure of the irregularity of complex shapes. The more complex the fractal dimension
is, the more complex the shape is [13].

The flow of fluids in porous media can be divided into three types: stable displacement,
capillary fingering and viscous fingering [13]. There exist two dimensionless parameters
by which to characterize the flow of fluids in porous media, including the viscosity ratio
M = µ1/µ2 and the capillary number Ca = µ1U/σ; here, µ1 is the viscosity of the displacing
fluid. µ2 is the viscosity of the displaced fluid, U is the rate at which the displaced fluid
is injected, and σ is the surface tension. The phase diagrams of M and Ca have been
summarized [14], which is of great significance for further understanding the flow laws
of fluids in porous media. Zhang [15] and Zheng [16] have also summarized the relevant
phase diagrams when they study the flow of fluids in porous media. The phase diagrams
summarized by these researchers are not identical in the boundary ranges of different flow
patterns, which may be due to the wettability, gravity and surface roughness [17].

Zhao et al. [18] studied the influence of wetting angle between fluid and porous
media, and found that the influence of wettability is not monotonic. Jung et al. [19] studied
the influence of wettability by combining experiments and simulations. Their research
shows that wettability has a great impact on the displacement process of immiscible fluid.
When the wetting angle between the displacement fluid and the porous medium is less
than 80◦, the saturation of the final displacement fluid is higher because the interface of
the fluid front moves smoothly and the displacement fluid is not trapped. Even when
studying the influence of wettability, the law of influence on wettability is not completely
consistent. On the one hand, the pore channels in porous media are uneven, especially
in the displacement problem in porous media in the engineering field, where the pores
are very irregular. Even in the displacement problem in homogeneous porous media, the
nonuniformity of the flow front interface will also have a great impact [20]. Golmohammadi
et al. [21] used experimental methods to study the comprehensive effect of gravity and
wettability on fluid flow in two-dimensional porous media, and found that gravity plays
an important role in improving the filling effect. Hu et al. [22] studied the influence of
roughness on the flow pattern in rock fractures and quantized the energy dissipated in the
process of fluid invasion dominated by capillary force. Moreover, scholars have also made
some progress in improving the stability of the fluid front flow in porous media. Rabbani
et al. [11] proposed a method of suppressing viscous fingering by designing the gradual
and monotonic variation of pore sizes along the front path. Lu et al. [23] investigated the
influence of pore size gradient and pore-scale disorder on the displacement process when a
non-wetting fluid displaces a wetting fluid, and found that a sufficiently large gradient can
completely suppress capillary fingering.

With the development of science and technology, the investigation of immiscible fluid
flow in porous media is not limited to experiments, and many scholars have also tried to use
numerical simulation methods to carry out corresponding research. The lattice Boltzmann
method (LBM) is a mesoscopic numerical simulation method between macro and micro.
Compared with macro methods, it is more convenient for dealing with a complex boundary
and, at the same time, it overcomes the limitations of the micro calculation method on size.
It has the advantages of the automatic capture of a two-phase interface without manual
processing or flexible boundary processing, and is suitable for parallel computing [24].
The lattice Boltzmann method has been widely used for simulating multiphase flow [25],
micro-nano scale flow [26], turbulence [27], flow-induced vibrations [28], heat and mass
transfer [29], and porous media flow problems [30,31]. Liu et al. [30] simulated the immis-
cible flow of wetting fluid and non-wetting fluid in two porous medias. Their simulation
results confirmed that three different displacement modes are related to capillary number,
viscosity ratio and the heterogeneity of porous media. Shi et al. [31] investigated the basic
physical mechanism of Newtonian fluid replacing non-Newtonian fluid in porous media,
which revealed the displacement mechanism of Newtonian fluid to non-Newtonian fluid
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from a mesoscopic perspective. Lautenschlaeger et al. [32] proposed a homogenization
method for simulating multiphase flow in heterogeneous porous media, which is based
on the lattice Boltzmann method and combines the gray level with the multi-component
Shan-Chen method. This method makes the fluid–fluid and solid–fluid interactions in pores
less than numerical discretization, and has been successfully applied to solving various
single-phase and two-phase flow problems.

Unstable flows will create adverse effects for oil production, carbon dioxide storage
and other aspects. In order to reveal the law of the unstable flow of fluid in porous media,
some scholars have obtained the relevant phase diagrams through a large number of
experiments. Some scholars have tried to improve the unstable flow of fluid by designing
the structure of porous media. However, how a wetting gradient impacts viscous fingering
remains unknown. In this paper, we used the lattice Boltzmann method to simulate the
displacement process of fluids in porous media with a wetting gradient. The influence of
the wetting gradient was studied over a wide range of capillary numbers (7.5 × 10−6 to
1.8 × 10−4), viscosity ratios (0.0025 to 0.04) and porosity (0.48 to 0.68). The flow results were
quantitatively analyzed by means of quantitative parameters such as fractal dimension,
displacement efficiency, saturation and interface length. Moreover, a phase diagram of flow
stability results related to wetting gradient and capillary number was drawn.

2. Numerical Method
2.1. Mathematical Model

The lattice Boltzmann method is used for two-dimensional numerical simulation
to simulate the displacement process of fluid in porous media. The lattice Boltzmann
method is a mesoscopic simulation method between micro-molecular dynamics and macro-
fluid dynamics. This method uses the Boltzmann transport equation to calculate two
processes of collision and migration between micro-particles, replacing macro-particles with
micro-particles. The macroscopic parameters of the system can be obtained by statistical
averaging of a large number of particles without concern for the motion state of each
particle. The motion behavior of the whole fluid is simulated and the corresponding
macroscopic phenomena are analyzed. The Boltzmann transport equation is:

fi(r + ei, t + dt) = fi(r, t) + Ωi( f0, . . . , fb), i = 0, . . . , b. (1)

fi(r, t) is the distribution equation of particles in the direction i of position r at time t.
Ωi( f0, . . . , fb) is collision operator.

Macro density ρ and velocity v on the node can be obtained by integration:

ρ =
b

∑
i=0

fi (2)

ρv =
b

∑
i=0

fiei. (3)

The discrete velocities model adopted was the D2Q9 model, and its discrete velocities
are shown in Figure 1.

The D2Q9 model illustrated in Figure 1 involves nine velocity vectors defined by:

→
e i =





(0, 0) i = 0
(1, 0), (0, 1), (−1, 0), (0,−1) i = 1, 2, 3, 4
(1, 1), (−1, 1), (−1,−1), (1,−1) i = 5, 6, 7, 8

(4)
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The evolution equation of the particle distribution function of the multiple-relaxation
time model is:

fi(r + ei, t + dt) = fi(r, t)−M−1
ij Sij

(
µ

eq
i − µi

)
, (5)

where µi = Mij f j, f j is the distribution equation of the j direction and µ
eq
i = Mij f eq

j , f eq
j is

the equilibrium distribution function in the j direction.

µ = (µ0, µ1, . . . , µ8)
T =

(
ρ, e, ε, jx, qx, jy, qy, pxx, pyy

)T
, (6)

where ρ is the density, e is the kinetic energy, ε is related to the kinetic energy square,
jx and jy correspond to components of momentum, qx and qy correspond to the energy
components, and pxx and pyy correspond to the symmetric traceless viscous stress tensors.

ρ |i = ei|0 = 1
e |i = −4|ei|0 + 3

(
e2

i,x + e2
i,y

)

ε |i = 4|ei|0 − 21/2
(

e2
i,x + e2

i,y

)
+ 9/2

(
e2

i,x + e2
i,y

)2

jx|i = ei,x

qx|i = ei,x

[
−5|ei|0 + 3

(
e2

i,x + e2
i,y

)]

jy
∣∣
i = ei,y

qy
∣∣
i = ei,y

[
−5|ei|0 + 3

(
e2

i,x + e2
i,y

)]

pxx|i =
(

e2
i,x − e2

i,y

)
ρ

pxy
∣∣
i = ei,xei,y/ρ

. (7)

Hence, the transformation matrix M is

M =




ρ |i
e |i
ε |i
jx |i
qx |i
jy
∣∣
i

qy
∣∣
i

pxx |i
pxy

∣∣
i




=




1 1 1 1 1 1 1 1 1
−4 −1 −1 −1 −1 2 2 2 2
4 −2 −2 −2 −2 1 1 1 1
0 1 0 −1 0 1 −1 −1 1
0 −2 0 2 0 1 −1 −1 1
0 0 1 0 −1 1 1 −1 −1
0 0 −2 0 2 1 1 −1 −1
0 1 −1 1 −1 0 0 0 0
0 0 0 0 0 1 −1 1 −1




. (8)
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Sij = diag(s0, s1, s2, s3, s4, s5, s6, s7, s8) is the diagonal relaxation matrix. In this ap-
proach, the kinematic viscosity υ and the bulk viscosity µ are related to the following
relaxation parameters:

υ = c2
s

(
1
s7
− 1

2

)
= c2

s

(
1
s8
− 1

2

)
(9)

µ =
5− 9c2

s
9

(
1
s1
− 1

2

)
. (10)

cs = c/
√

3, cs is the sound velocity of the lattice; c = δx/δt, c is the lattice velocity; δx
is the length step; and δt is the time step.

Applying the transformation matrix to the equilibrium probability distribution func-
tion, the raw moments at the equilibrium are

eeq = −2ρ + 3
(

j2x + j2y
)

εeq = ρ− 3
(

j2x + j2y
)

qeq
x = −jx

qeq
y = −jy

peq
xx = j2x − j2y

peq
xy = jx jy

. (11)

The moments ρeq, jeq
x and jeq

y are not required as they will be multiplied by s0, s3, and
s5, which are zero.

The bounce-back boundary condition is used to implement the no-slip condition on
a geometry wall. The incoming probability distribution functions at the wall node are
reflected back to the initial fluid node, giving value to the unknown probability distribution
functions. In the illustration in Figure 2, at a time t, the distribution function f7 is reflected
back to f5, f3 to f1, and f6 provides f8 value.
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Figure 2. Bounce-back boundary condition.

The inlet and outlet boundary conditions used in the current simulations are velocity
and pressure boundary conditions, respectively. The approach consists of the formulation
of a linear system with mass and momentum conservation. This linear system will provide
the value of the unknown probability distribution functions created after the streaming
step as well as the value of ρ if a velocity boundary condition is imposed, or u if there is a
pressure condition at the boundary. According to the Figure 2 example, after rearranging

127



Materials 2023, 16, 2601

the moments in Equations (2) and (3) (density, x-momentum, y-momentum), the linear
system can be written as:

f1 + f5 + f8 = ρ− ( f0 + f2 + f4 + f3 + f6 + f7)
f1 + f5 + f8 = ρu + f3 + f6 + f7
f5 − f8 = ρv + f2 + f4 − f6 + f7

. (12)

A fourth equation is required to close the system and compute the value of velocity or
pressure. A valid assumption is to apply the bounce-back rule for the nonequilibrium part
of the particle distribution normal to the boundary. Therefore, considering that an inlet
boundary is imposed on the left nodes of Figure 2, the fourth equation is

f1 − f eq
1 = f3 − f eq

3 . (13)

Solving the linear system, the unknown probability distribution functions are

f1 = 2
3 ρu

f5 = f7 − 1
2 ( f2 − f4) +

1
6 ρu + 1

2 ρv

f8 = f6 − 1
2 ( f2 − f4) +

1
6 ρu− 1

2 ρv
. (14)

For a velocity boundary condition, the linear system gives:

ρ =
1

1− v
[ f0 + f2 + f4 + 2( f3 + f6 + f7)]. (15)

For a pressure boundary condition, p = ρc2
s ; taking v = 0, the u is defined by:

u = 1− [ f0 + f2 + f4 + 2( f3 + f6 + f7)]

ρ
. (16)

2.2. Simulation Setup

We used the computational fluid dynamics software XFlow to carry out the relevant
numerical simulations. The phase field algorithm was employed for calculating the multi-
phase flow. The temperature type was set as isothermal. The computational domain and
boundary conditions are shown in Figure 3. The size of the computational domain was
16 mm × 10 mm. The cylinders represent an impermeable solid material, while the area
formed between the cylinders are the pore channels. The diameter of the cylinder and the
spacing between cylinders are described in Figure 3A. The displaced fluid initially filled in
the pores of the porous media, and the displaced fluid flowed in at a certain speed from the
bottom, forcing the displaced fluid to flow out at the top. The initial gauge pressure field
was 0 Pa (the corresponding actual pressure was 1.013 × 105 Pa) and the initial velocity
field was 0 m/s. The bounce-back boundary condition was used to implement the no-slip
condition on the solid walls. The inlet and outlet boundary conditions used in the current
numerical simulations were velocity and pressure boundary conditions. The displaced
fluid was silicon oil (the wetting phase) and the displacing fluid was water (the non-wetting
phase). The parameters of these two fluids were as follows: the density and viscosity of
displacing fluid were set as ρ1 = 998.3 kg/m3, µ1 = 1 mPa s. The density and viscosity of
the displaced fluid were set to ρ2 = 960 kg/m3, µ2 = 200 mPa s, and the viscosity ratio was
M = 0.005. The surface tension σ = 28.2 mN/m. The inlet velocity was 0.001 m/s unless
otherwise specified. The wetting gradient was set as follows: Take the wetting gradient
∆θ = 4◦ as an example, as shown in Figure 3B. The wetting angle of the lowest row of
cylinders was set to 90◦, and the same row of cylinders had the same wetting angle. The
wetting angle was increased by 4◦ for each row up to the last row, thus creating the porous
media of wetting gradient ∆θ = 4◦. The wetting gradients ∆θ = 1◦, ∆θ = 2◦ and ∆θ = 3◦ were
arranged in the same way. The wetting gradient ∆θ = 0◦ meant that the overall wettability
of the porous media was uniform and the overall wetting angle was 150◦.
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2.3. Model Verification 

We first performed mesh independence verification and time step independence ver-

ification. The time steps selected for grid independence verification were all 1 × 10−6 s; the 

grid size selected for time step independence verification was 6 × 10−5 m. The total calcu-

lation time is the time required for the displacement fluid to flow to the porous media 

Figure 3. (A) Initial boundary conditions without wetting gradient. (B) Initial boundary conditions
at the wetting gradient ∆θ = 4◦. The red area is the displacing fluid, which is injected at a certain
flow rate from below. The blue area is the displaced fluid, flowing out from the upper outlet. The
outlet gauge pressure is 0 Pa. The horizontal line between the red area and the blue area represents
the interface between the displacing fluid and the displaced fluid. The yellow arrow represents the
flow direction. The green cylinder represents an impermeable solid material, while the area formed
between the cylinder and the cylinder is a pore channel, and the fluid flows in the pore channel
between the cylinders.

2.3. Model Verification

We first performed mesh independence verification and time step independence
verification. The time steps selected for grid independence verification were all 1 × 10−6 s;
the grid size selected for time step independence verification was 6 × 10−5 m. The total
calculation time is the time required for the displacement fluid to flow to the porous media
outlet. Figure 4 exhibits the time evolution of the saturation of displacing fluid and the
interface length between the displacing fluid and the displaced fluid under different mesh
sizes. The results show that the saturation and interface length tend to stabilize when
the grid size is 6 × 10−5 m. Figure 5 presents the time evolution of the saturation of the
displacing fluid and the interface length between the displacing fluid and the displaced
fluid under different time steps. The results show that the saturation and interface length
tend to be stable when the time step is 1 × 10−6 s. Thus, a grid size of 6 × 10−5 m and a
time step of 1 × 10−6 s were employed in the subsequent numerical simulations.
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Figure 5. (A) Time evolution of the saturation of displacing fluid under different time steps. (B) Time
evolution of the interface length between the displacing fluid and the displaced fluid under different
time steps.

We selected the experimental results of Rabbani et al. [11] for experimental verification.
Their experiment involves filling silicone oil into a porous medium arranged by cylinders.
Then, water is injected into the porous medium to see how water displaces silicone oil
in the porous medium. Among them, two different porous structures are used. One is
the porous medium with uniform pores. The other is porous media with a pore gradient
whose size increases from inlet to outlet. We selected four groups of experimental results
to verify the current numerical model, including the fluid displacement processes in the
porous mediums with and without pore gradient under the capillary number of 7.5 × 10−6

and 1.4 × 10−5. In order to save computing time and resources, we simulated a part of the
experimental model. The fluid parameters and the amplitude of the pore gradient decline
are consistent with the parameters in the experiment. The comparisons between simulation
results and experimental results are shown in Figures 6 and 7. The uniform medium shown
in Figure 6 was composed of cylinders with the same diameter of 1 mm. The nonuniform
medium in Figure 6 consisted of cylinders with the diameter decreasing row by row from
the top to the bottom. The diameter difference between the adjacent row of cylinders was
0.0135 mm and the diameters of the cylinder in the top and bottom rows were 1 mm and
0.81 mm, respectively.
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Figure 6. Results of the displacing fluid front morphologies at the time of the displacing fluid
reaching the outlet under the condition of nonuniform medium and uniform medium with the
capillary numbers of 7.5 × 10−6 and 1.4 × 10−5. (A) Experimental results of Rabbani et al. [11].
(B) Simulation results of the current investigation.
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Figure 7. Comparison of the saturation between the simulation results and the experimental results
under the condition of nonuniform medium and uniform medium with the capillary numbers of
7.5 × 10−6 and 1.4 × 10−5.

It can be seen from the comparison between the simulation results and the experimen-
tal results [8] that, when the capillary number is 7.5 × 10−6 in the nonuniform medium (the
left figure of A and B in Figure 6), it can be simulated that the flow of displacing fluid in
porous media is stable. In the other three cases, it can also be simulated that the displacing
fluid has an unstable flow. In order to compare the simulation results with the experimental
results more clearly, we also drew a diagram comparing the saturation under various
conditions, as shown in Figure 6. It can be seen from the figure that the simulation results
are similar to the experimental results, which shows that the lattice Boltzmann method can
simulate fluid flow in porous media.

3. Results and Discussion
3.1. Effect of Wettability

When the non-wetting fluid displaces the wetting fluid in a porous medium, it will
flow forward only when the driving pressure of the displacement flow is greater than the
capillary pressure threshold ~σcos θ/r, where r is the pore radius. While the capillary
pressure threshold can be adjusted by regulating the wettability to further regulate the
fluid displacement process. It can be seen from the above formula that, with the increase
of wetting angle, the capillary pressure threshold increases and then the flow resistance
increases. Based on this, a porous medium with the wettability gradients will hopefully be
designed to improve the flow stability, as shown in Figure 8. When the fluid flows from a
row of cylinders with a wetting angle of θ to the next row of cylinders with a larger wetting
angle of θ’, the flow resistance increases and the fluid will preferentially flow transversely
and then forward.
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Figure 8. Schematic diagram of wetting angle change of a fluid in a porous medium with a wetting
gradient. (A) The displacing fluid flows through a row of cylinders with a wetting angle of θ. (B) The
displacing fluid flows through a row of cylinders with a wetting angle of θ’ (θ’ > θ). The displacing
fluid is injected from the bottom upwards. The red and blue areas represent the displacing fluid and
the displaced fluid, respectively. Cylinders with different colors represent the media with different
wetting angles.

In order to verify the influence of wettability on the fluid displacement process in the
porous medium, the variation curves of average flow rate and outflow time at different
wetting angles were investigated, as shown in Figure 9. With the increase in the wetting
angle, the average flow rate of the displacement fluid decreases and the time required for
the displacement fluid to flow out of the porous media increases. Thus, the flow resistance
of the displacement fluid in porous media increases with the increment in wetting angle,
which is consistent with the above theoretical analysis results.
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3.2. Comparison between the Porous Media with and without Wetting Gradient
3.2.1. Effect of Capillary Number

Figure 10 shows the simulation results for different capillary numbers and wetting
gradients. It can be seen that the flow pattern of the displacing fluid is unstable with
or without wetting gradient when the capillary number is large. In the case of wetting
gradient, the stability of the displacing fluid flow front is improved when the capillary
number decreases. Without wetting gradient, the fluid still has more bifurcation. When
the capillary number decreases to 7.5 × 10−6, the result with the wetting gradient is the
best. The resistance gradient due to the wetting gradient can be fully displayed. In the
absence of a wetting gradient, the flow of the displacing fluid is unstable even when the
capillary number is reduced. It can be clearly seen from the simulation results in Figure 9
that the wetting gradient plays a significant role in improving the stability of the flow front.
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Furthermore, the smaller the capillary number (the lower the injection speed), the better
the fluid filling, and the more stable the fluid front is.
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Figure 10. Simulation results of the displacing fluid front morphologies under different capillary
numbers and wetting gradients at the time of the displacing fluid reaching the outlet. The viscosity
ratio is 0.005.

To quantitatively analyze the flow results shown in Figure 11, three parameters were
selected for the quantitative analysis. The three quantitative parameters were the fractal
dimension (Figure 11A), the displacement efficiency (Figure 11B), and the interface length
(Figure 11C). It can be seen from the results of Figure 11A that, on the whole, the fractal
dimension with the wetting gradient is larger than that without the wetting gradient. This
indicates the effect of the wetting gradient on improving the flow stability of displacing
fluids; with the wetting gradient, the capillary number is smaller and the fractal dimension
is larger. The smaller the capillary number, the better the stability of the fluid front. This
also indicates that both the wetting gradient and the capillary number affect the stability of
the flow front. From the comparison of the displacement efficiency results of Figure 11B,
it can be seen that, on the whole, the displacement efficiency with the wetting gradient is
higher than that without the wetting gradient, which indicates that the existence of the
wetting gradient improves the filling degree of the fluid. As the capillary number decreases,
the displacement efficiency increases, and the filling degree improves. From the comparison
of the results in Figure 11C, it can be seen that the interface length of porous media with
the wetting gradient is much shorter than that without the wetting gradient, which also
indicates that the bending degree of the fluid front interface is reduced. In addition, the
smaller the capillary number, the shorter the interfacial length of the fluid front, the smaller
the bending degree of the fluid front interface and the better the stability of the fluid front.
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Figure 11. Effect of wetting gradient on the fractal dimension (A), the displacement efficiency (B),
and the interface length (C) under different capillary numbers. The viscosity ratio is 0.005.

From the results of these quantitative analyses, when the capillary number increases to
1.8 × 10−4 under the condition of the wetting gradient, the overall flow stability is reduced
and the filling effect is poor. This is because when the capillary number is 1.8 × 10−4, the
corresponding inlet flow rate is relatively large, and the displacing fluid is subjected to a
large force in the vertical direction, which exceeds the threshold range of the resistance
gradient. The flow front of the displacing fluid is prone to local preferential flow and,
when there is a wetting gradient, due to the effect of the resistance gradient, part of the
displacement fluid flows laterally, making the bifurcation phenomenon of the displacement
fluid front more serious. However, in the case of the wetting gradient, when the capillary
number is less than 3.5 × 10−5, the overall filling effect is better and the stability of the
flow is improved with the decrease of the capillary number. This is because the force
of the displacement fluid in the vertical direction is less than the threshold range of the
resistance gradient, which means the resistance gradient can inhibit the occurrence of local
preferential flow.

We also plotted the phase diagram of the wetting gradient and capillary number, as
shown in Figure 12. The identification of flow patterns in porous media can be considered
comprehensively by way of parameters such as saturation, fractal dimension and finger
width [33]. Therefore, we used this method to distinguish whether the flow of fluid in
porous media is stable or unstable. It can be seen from the phase diagram that, in the case
of the wetting gradient, the displacement process of fluid in porous media is mostly stable
except for in the case of a large capillary number. The results of the fluid displacement
process are unstable without the wetting gradient, which indicates that the wetting gradient
plays a significant role in improving the flow stability of fluids in porous media.
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Figure 12. The phase diagram of the flow stability results related to wetting gradient and capillary
number. The red area with solid symbols represents the unstable flow, and the yellow area with
hollow symbols represents the steady flow. The viscosity ratio is 0.005.

In order to better show the effect of wettability gradient on fluid flow in porous
media, we selected a group of typical simulation results for comparison at different times.
Figure 13 shows the comparison of saturation and interface length at different times with
and without wetting gradient when the capillary number was 1.8 × 10−5. The time is
normalized by the time required for the displacement fluid to flow to the porous media
outlet, to characterize the different stages of the entire displacement process. The slope of
the curve in Figure 13A shows that the filling speed of the fluid is faster when there is a
wetting gradient, and the saturation result at any normalization time shows that the filling
effect is better when there is a wetting gradient than when there is no wetting gradient.
Figure 13B shows that the slope increases significantly in the case of no wetting gradient
after the normalization time is 0.2, which indicates that there is unstable flow at the front
of the fluid at this moment, especially the bifurcated finger-like flow, which makes the
interface length of the front of the fluid significantly longer. In the case of the wetting
gradient, the slope of the interface length is relatively flat, which means that the flow is
relatively stable and there is no bifurcation phenomenon. So, the change of the interface
length at the front of the fluid is not very large, which also means that porous media with a
wetting gradient can better improve the stability of the flow front.
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Figure 13. (A) Time evolution of the saturation of displacing fluid. (B) Time evolution of the interface
length between the displacing fluid and the displaced fluid. In both cases, the capillary number is
1.8 × 10−5 and the viscosity ratio is 0.005. The solid and hollow symbols indicate the porous media
with and without wetting gradient, respectively.
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3.2.2. Effect of Viscosity Ratio

In order to clarify the influence of wetting gradient on the fluid displacement process
with a wider range of parameters, we compared and studied the fluid displacement process
of different fluid viscosities with and without a wetting gradient. We chose the case with
a capillary number of 3.5 × 10−5 for our research. This is because under this capillary
number, although there is a wetting gradient that plays a certain role in the stable flow
of the fluid, there are still bifurcation phenomena at the front of the fluid, which affect
the filling effect. Therefore, we tried to study how to improve the flow stability of the
front of the fluid by changing the viscosity ratio. Figure 14A shows the comparison results
of saturation with or without wetting gradient when the viscosity ratio is 0.0025, 0.005,
0.01, 0.02 and 0.04, respectively. We kept the viscosity of the displaced fluid unchanged at
1 mPa s, and changed the viscosity of the displaced fluid. The viscosities of the displaced
fluid were set at 400 mPa s, 200 mPa s, 100 mPa s, 50 mPa s and 25 mPa s. From the
comparison results in the figure, it can be seen that the change of viscosity ratio does have
a great impact on the flow filling effect. On the whole, the saturation value under the
condition of the wetting gradient is higher than that under the condition of no wetting
gradient, which indicates that the filling effect under the condition of the wetting gradient
is better. In addition, under the condition of the wetting gradient, the greater the viscosity
ratio, the better the stability of the fluid front. Figure 14B shows the comparison results of
interface length under different viscosity ratios. On the whole, the interface length under
the condition of the wetting gradient is smaller than that under the condition of no wetting
gradient, indicating that the flow stability under the condition of the wetting gradient is
higher. The reason for this result is that when the viscosity ratio increases, the viscosity
of the displaced fluid decreases, which makes the flow resistance of the injected fluid
relatively lower; for the second half of the fluid flowing into the porous medium especially,
the flow resistance decreases to a reasonable size, so that the effect of the resistance gradient
can be reflected—the effect of the resistance gradient is to prevent the partial preferential
breakthrough when the fluid flows in the porous medium. Therefore, due to the effect of
the resistance gradient, the bifurcation phenomenon is reduced. In the case of the wetting
gradient, the effect of the viscosity ratio on the wetting gradient is more obvious, so the
flow of fluid in the porous media is more stable. In the case of no wetting gradient, the
flow resistance of the corresponding injected fluid decreases due to the increase of viscosity
ratio. At this time, there is no effect of resistance gradient, and the flow front is more prone
to local breakthrough, leading to local preferential flow and affecting the stability of the
displacement process.
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Figure 14. The effect of viscosity ratio on the displacement efficiency (A) and the interface length
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We selected two groups with a viscosity ratio M of 0.01 and 0.02 for comparative
analysis at different times, as shown in Figure 15. On the whole, the saturation with a
wetting gradient is higher than that without a wetting gradient, indicating that the filling
effect is better with a wetting gradient. In terms of interface length, the interface length with
the wetting gradient is smaller than that without the wetting gradient, which indicates that
the stability of the fluid front is better with a wetting gradient; after the normalization time
is 0.2, the interface length without the wetting gradient increases faster, which indicates
that the unstable flow phenomenon begins at this time, and the finger-like flow becomes
more and more obvious in the later stage, making the interface length increase faster. At the
same time, the saturation of the fluid increases slowly. On the whole, the filling condition
with the wetting gradient is better than that without a wetting gradient, and the filling
effect with a high viscosity ratio is better than that with a low viscosity ratio.
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Figure 15. (A) Time evolution comparison of the saturation of displacing fluid under different
viscosity ratios. (B) Time evolution comparison of the interface length between the displacing fluid
and the displaced fluid under different viscosity ratios. In both cases, the capillary number is
3.5 × 10−5 and the porosity is 0.48. The solid and hollow symbols indicate the porous media with
and without wetting gradient, respectively.

3.2.3. Effect of Porosity

The size of the porosity also has a great impact on the flow of fluid in porous media.,
The size of porosity especially affects the function of the wetting gradient. Figure 16 shows
the saturation and interface length of different porosities at the normalized time. It can
be seen that, in the case of a wetting gradient, when the porosity is large, the slope of the
fluid saturation is large, indicating that the flow front is relatively stable. This is because
in the case of the wetting gradient, with the increase of porosity, the upper and lower
spacings between cylinders become wider, and the contact area between fluid and porous
media decreases. This can reduce the resistance gradient to an appropriate size, and then
make the resistance gradient play a maximum role, which inhibits the occurrence of local
breakthrough. On the whole, the filling condition with the wetting gradient is better than
that without a wetting gradient, and the larger the porosity, the better the filling effect.
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Figure 16. (A) Time evolution comparison of the saturation of displacing fluid under different
porosities. (B) Time evolution comparison of the interface length between the displacing fluid and
the displaced fluid under different porosities. In both cases, the capillary number is 3.5 × 10−5 and
the viscosity ratio is 0.02. The solid and hollow symbols indicate the porous media with and without
wetting gradient, respectively.

3.2.4. Effect of Nonuniformity

We randomly adjusted the diameter of some cylinders to obtain the nonuniform
medium. In order to maintain the same porosity as the uniform medium, we adopted the
method of expanding and shrinking the same number of cylinder diameters, respectively,
to make the porosity of the nonuniform medium consistent with that of the uniform
medium, as shown in Figure 17. In addition, we chose to compare the uniform media with
a capillary number of 3.5 × 10−5, a viscosity ratio of 0.02 and a porosity of 0.48. From
the comparison of saturation and interface length in Figure 18, it can be seen that under
the condition of the wetting gradient, the flow stability of the displacement fluid in the
nonuniform medium is indeed not as good as that in the uniform medium. This is because
the nonuniformity of pores in the inhomogeneous medium causes the displacement fluid
to flow preferentially in local areas, which makes the flow stability of the displacement
fluid worse. In addition, under the condition of no wetting gradient, because there is
no resistance gradient, this local preferential flow phenomenon is more likely to occur,
resulting in the flow stability of the displacement fluid in the nonuniform medium being
worse. However, from the comparison diagram, even in the case of nonuniform media,
the filling effect of the displacement fluid with the wetting gradient is still better than that
without a wetting gradient, which also shows the role of the wetting gradient in improving
the stability of the displacement process.

Materials 2023, 16, x FOR PEER REVIEW 17 of 20 
 

 

 

Figure 16. (A) Time evolution comparison of the saturation of displacing fluid under different po-

rosities. (B) Time evolution comparison of the interface length between the displacing fluid and the 

displaced fluid under different porosities. In both cases, the capillary number is 3.5 × 10−5 and the 

viscosity ratio is 0.02. The solid and hollow symbols indicate the porous media with and without 

wetting gradient, respectively. 

3.2.4. Effect of Nonuniformity 

We randomly adjusted the diameter of some cylinders to obtain the nonuniform me-

dium. In order to maintain the same porosity as the uniform medium, we adopted the 

method of expanding and shrinking the same number of cylinder diameters, respectively, 

to make the porosity of the nonuniform medium consistent with that of the uniform me-

dium, as shown in Figure 17. In addition, we chose to compare the uniform media with a 

capillary number of 3.5 × 10−5, a viscosity ratio of 0.02 and a porosity of 0.48. From the 

comparison of saturation and interface length in Figure 18, it can be seen that under the 

condition of the wetting gradient, the flow stability of the displacement fluid in the nonu-

niform medium is indeed not as good as that in the uniform medium. This is because the 

nonuniformity of pores in the inhomogeneous medium causes the displacement fluid to 

flow preferentially in local areas, which makes the flow stability of the displacement fluid 

worse. In addition, under the condition of no wetting gradient, because there is no re-

sistance gradient, this local preferential flow phenomenon is more likely to occur, result-

ing in the flow stability of the displacement fluid in the nonuniform medium being worse. 

However, from the comparison diagram, even in the case of nonuniform media, the filling 

effect of the displacement fluid with the wetting gradient is still better than that without a 

wetting gradient, which also shows the role of the wetting gradient in improving the sta-

bility of the displacement process. 

 

Figure 17. Schematic diagram of uniform and nonuniform medium, with the same porosity of 0.48. 

In order to maintain the same porosity as the uniform medium, the same number of cylinder diam-

eters have been expanded and shrunk. 

Figure 17. Schematic diagram of uniform and nonuniform medium, with the same porosity of 0.48. In
order to maintain the same porosity as the uniform medium, the same number of cylinder diameters
have been expanded and shrunk.
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4. Conclusions 

In the present study, the displacement of immiscible fluid in porous media was nu-
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Figure 18. (A) Time evolution comparison of the saturation of displacing fluid in uniform medium
and nonuniform medium. (B) Time evolution comparison of the interface length between the
displacing fluid and the displaced fluid in uniform medium and nonuniform medium. In both cases,
the capillary number is 3.5 × 10−5, the viscosity ratio is 0.02 and the porosity is 0.48. The solid and
hollow symbols indicate the porous media with and without wetting gradient, respectively.

4. Conclusions

In the present study, the displacement of immiscible fluid in porous media was
numerically investigated using the lattice Boltzmann method. Our results demonstrate
that the displacement pattern and efficiency can be controlled by the wetting gradient. The
flow front stability can be improved by setting a wetting gradient on the porous media,
which is confirmed over a wide parameter range of different wetting gradients, capillary
numbers, viscosity ratios and porosities. When the capillary number is less than 3.5 × 10−5,
the viscous fingering can be successfully suppressed and the transition from unstable to
stable displacement can be achieved by the wetting gradient. While increasing the wetting
gradient has little effect on the fluid displacement process, under the conditions of high
viscosity ratio (M > 0.01) and large porosity (Φ > 0.58), the improvement of flow front
stability is more significant when adding a wetting gradient. In addition, for the porous
media with a wetting gradient, decreasing the capillary number, increasing the viscosity
ratio or increasing porosity can improve flow front stability and filling efficiency, which
is consistent with that of homogeneous wetting media. The present findings could be
helpful for the design of porous products to suppress viscous fingering, which will be of
great significance for industrial applications such as composite material preparation and
oil exploration.
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Abstract: Good solid-liquid mixing homogeneity and liquid level stability are necessary conditions
for the preparation of high-quality composite materials. In this study, two rotor-stator agitators
were utilized, including the cross-structure rotor-stator (CSRS) agitator and the half-cross structure
rotor-stator (HCSRS) agitator. The performances of the two types of rotor-stator agitators and
the conventional A200 (an axial-flow agitator) and Rushton (a radial-flow agitator) in the solid-
liquid mixing operations were compared through CFD modeling, including the homogeneity, power
consumption and liquid level stability. The Eulerian–Eulerian multi-fluid model coupling with the
RNG k–ε turbulence model were used to simulate the granular flow and the turbulence effects. When
the optimum solid-liquid mixing homogeneity was achieved in both conventional agitators, further
increasing stirring speed would worsen the homogeneity significantly, while the two rotor-stator
agitators still achieving good mixing homogeneity at the stirring speed of 600 rpm. The CSRS agitator
attained the minimum standard deviation of particle concentration σ of 0.15, which was 42% smaller
than that achieved by the A200 agitators. Moreover, the average liquid level velocity corresponding
to the minimum σ obtained by the CSRS agitator was 0.31 m/s, which was less than half of those of
the other three mixers.

Keywords: solid-liquid mixing; rotor-stator agitator; suspension quality; liquid level stability; power
consumption; CFD

1. Introduction

The solid-liquid mixing operation is an important process in the research of particle
reinforced metal matrix composites prepared by stirring casting [1]. Due to the obvious
density difference between the reinforcing phase and the matrix melt, the problems of
particle sinking and agglomeration are serious. In addition, the stability of the liquid
surface will also affect the quality of the composite. When the vortex of the liquid surface is
large, gas and inclusions will be introduced to pollute the melt. Therefore, good solid-liquid
mixing homogeneity and liquid level stability are necessary conditions for the preparation
of high-quality composite materials. The design of the agitator needs to meet the following
requirements: (1) To provide an intensive melt shearing for the dispersion of agglomerated
particles; (2) To generate a relatively homogeneous macro flow in the stirred tank for the
homogeneous distribution of particles; (3) To avoid a large liquid level velocity to ensure
that gas and other contaminants do not enter the melt from the liquid surface.

The particle suspension is the result of the balance between the driving forces gener-
ated by agitator rotation and the particle gravity. In particular, the driving forces of particle
suspension are the drag force imposed by the moving fluid and the lifting force generated
by the turbulent eddies bursting [2]. The suspension quality of solid particles in the stirred
tank is controlled by the process parameters, including particle size/density/loading ca-
pacity, melt density/viscosity/liquid level height, stirring speed, size and structure of
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the agitator, etc. Among them, the optimal design of the agitator determines the flow
pattern and turbulence intensity in the stirred tank, which is a significant way to improve
the suspension quality of solid particles and to reduce the power consumption [3]. Good
uniformity of particle concentration distribution is able to improve product quality and to
enhance heat transfer [4,5].

According to the flow patterns, the agitators are mainly classified as radial-flow
and axial-flow agitators. Most previous studies have shown that axial-flow agitators are
more suitable for solid-liquid mixing than radial-flow agitators [6–8]. Among four axial-
flow impellers of Lightnin A100, A200, A310 and A320, the A320 was the most effective
impeller [9]. The four-bladed 45◦ PBT impeller was the most energy-efficient comparing
with the Lightnin A310 and PF3 impeller [10]. Downward-flow PBT agitators were more
efficient than upward-flow PBT agitators [6]. Zhao et al. showed that the blade shape
had a great effect on the trailing vortex characteristics and the large curvature led to the
longer residence time of the vortex at the impeller tip [11]. In addition to the studies on
the performances of agitators with traditional structures, it is believed that many scholars
have recently proposed agitators with new structures. The power consumption for the
turbine agitator with V cuts has been found to be less than that of the conventional turbine
agitator [12]. Mishra et al. demonstrated that the Maxblend impeller attained a higher
maximum homogeneity compared to the A200 and the Rushton impellers [13,14]. The
punched rigid-flexible impeller was more efficient in suspending solid particles compared
with the rigid impeller and rigid-flexible impeller at the same power consumption [15]. The
fractal impeller also has reduced power consumption compared to the regular impeller due
to the breaking up of the trailing vortices [16,17]. The impeller with zigzag punched blades
was developed to enhance the mixing of non-Newtonian fluids by producing impinging
jet streams from face-to-face holes [18]. The punched-bionic impellers were proposed to
improve the energy efficiency and homogeneity in solid-liquid mixing processes [19].

Rotor-stator agitators are widely used in dispersion, emulsification and homogeniza-
tion processes because of the high shear rate created by the small rotor-stator gap. The
break-up and dispersion of nanoparticle clusters [20–23], droplet break-up mechanisms [24],
droplets size distribution [25], the scale up of the equilibrium drop size [26], the emulsi-
fication of a high viscosity oil in water [27] and the dispersion of water into oil [28,29] in
rotor–stator mixers were investigated thoroughly by scholars. In contrast, the research on
the application of rotor–stator agitators in solid-liquid mixing process is rare. Moreover,
most of the current optimum design studies on agitators are aimed at improving the effi-
ciency and homogeneity of solid-liquid mixing, but little attention is paid to the stability of
liquid level.

The computational fluid dynamics (CFD) has been widely employed to investigate the
solid-liquid mixing process [30–38]. There are two main methods for solving the solid-liquid
multiphase flow in stirred tank based on Navier-Stokes equations, i.e., Eulerian–Lagrangian
(E–L) and Eulerian–Eulerian (E–E) methods [39]. Among them, the E–L method tracks the
motion of each particle, which has a large computational resource consumption [40]. The
E–E method treats the solid particle mathematically as a continuous phase considering
the interpenetration and interaction of the solid and liquid phases [41]. This method has
been widely employed by scholars due to the relatively low requirements of computing
resources and it was validated by comparing the computational results to the experimental
results [10,30,42,43]. Turbulence effects are important for solid-liquid mixing processes and
need to be considered in the creating of mathematical models. The Reynolds–averaged
Navier–Stokes (RANS) approach has been widely used in large industrial processes due
to the good economy and calculation accuracy. The Reynolds stress model establishes
six equations for Reynolds stress tensor and one equation for dissipation rate, which can
predict all Reynolds stresses correctly, while the equations are difficult to converge. The
standard k–ε turbulence model estimates the turbulent viscosity by solving the turbulent
kinetic energy (k) and the turbulent kinetic energy dissipation rate (ε). However, there
exists a large error in the calculation of non-uniform turbulence problems. The RNG
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k–ε turbulence model adopts the framework of two equations, which are derived from
the original governing equations of momentum transfer by using the renormalization
group method. It is more accurate in predicting the rapidly strained flows by adding an
additional term in its ε equation comparing with the standard k–ε turbulence model [30].
Siddiqui et al. [44] also demonstrated the RNG k–ε model can fairly predict the velocity
contours and streamlines. Based on the E–E model along with the RNG k–ε turbulence
model, scholars have conducted multiple verification work by comparing the simulation
data with the experimental results and a large amount of work on multiphase mixing
operations ([30,43]).

Most of the current optimum design studies on agitators are aimed at improving the
efficiency and homogeneity of solid-liquid mixing, but little attention is paid to the stability
of liquid level. In this paper, two types of rotor-stator agitators were utilized to improve
the homogeneity and liquid level stability at the same time for the preparation of high-
quality composite materials. The flow field, turbulent energy dissipation, pressure field
and particle concentration distribution were predicted using the 3D E–E multiphase fluid
model along with RNG k–ε turbulence model. And the solid-liquid mixing homogeneity,
liquid level stability and power consumption of the two types of rotor-stator agitators were
evaluated by comparing with those of A200 and Rushton turbine agitators.

2. Numerical Modeling

In this investigation, all the numerical simulations are carried out in a stirred tank
employing four types of agitators, which including the cross structure rotor-stator (CSRS)
agitator, the half cross structure rotor-stator (HCSRS) agitator, the A200 and Rushton
turbine, the details of the geometries and dimensions of the stirred tank and agitators
are depicted in Figure 1 and Table 1. The specific operating conditions and physical
parameters are presented in Table 2. The liquid density and viscosity corresponds to that of
AZ91 magnesium alloy at 650 ◦C, in addition, the particle density corresponds to that of
pure titanium.
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Table 1. Geometric parameters of the stirred tank and agitators.

Geometric Parameter (mm) Values

Diameter of top of stirring tank 253
Diameter below stirring tank 240

Stirring tank height 200
Height of hole area 100

Total height of stator 170
Hole center spacing of stator 16

Hole diameter of stator 12
Inner diameter of stator 142
Outer diameter of stator 150

Table 2. Operating conditions and physical parameters.

Variable Values

Agitator type CSRS, HCSRS, A200, Rushton
Stirring speed (rpm) 200, 300, 400, 500, 600

Particle size (µm) 100
Solids weight fraction (wt.%) 10

Grain density (kg/m3) 4506
Liquid density (kg/m3) 1650
Liquid viscosity (Pa*s) 0.00139

2.1. The Governing Equations

The 3D E–E multiphase model is used for solving the continuity and momentum
equations for the liquid and solid phases [45].

The continuity equation is:

∂(αqρq)

∂t
+∇ · (αqρq

→
u q) = 0 (1)

where αq is the volume fraction of phase q, ρq is the density, t is the time and uq is the
velocity of phase q.

The momentum equation for phase q is:

∂(αqρq
→
u q)

∂t
+∇ · (αqρq

→
u q
→
u q) = −αq∇p +∇τq + αqρq

→
g +

n

∑
p=1

(
→
R pq +

.
mpq

→
u pq −

.
mqp

→
u qp) (2)

where p is the pressure, g is the gravitational acceleration and Rpq is the interaction force
between phase p and phase q, mpq represents the mass transfer from phase p to phase q,
mqp represents the mass transfer from phase q to phase p, τq is the stress-strain tensor
defined as:

τq = αqµq(∇
→
u q +∇

→
u

T
q ) + αq(λq −

2
3

µq)∇
→
u qI (3)

here, µq and λq are the shear and bulk viscosity of phase q, respectively.
The interaction force between phase p and phase q is computed as follows:

n

∑
p=1

→
R pq =

n

∑
p=1

kpq(
→
u p −

→
u q) (4)

where kpq is the momentum exchange coefficient between phase p and phase q. The fluid-
solid momentum exchange is mainly controlled by drag, lift, virtual mass and Basset
forces. Studies have shown that the lift, virtual mass and Basset forces are irrespective for
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modeling the solid holdup profiles [46]. Hence, only the drag force is considered in the
current calculation. The kpq is obtained by the Gidaspow model [41]:

kpq =





3
4 CD

αpαqρp

∣∣∣→u p−
→
u q

∣∣∣
dp

α−2.65
q (αq > 0.8)

150αp(1−αq)µq

αqd2
p

+
1.75αpρq

∣∣∣→u p−
→
u q

∣∣∣
dp

(αq ≤ 0.8)
(5)

where dp is the particle diameter and CD is the drag coefficient, which can be written as:

CD =
24
[
1 + 0.15(αqRe)0.687]

αqRe
(6)

where Re is the relative Reynolds number which can be computed via:

Re =
ρqdp

∣∣∣→u p −
→
u q

∣∣∣
µq

(7)

The RNG k–ε turbulence model [47] is employed for simulating the turbulence effect.
The turbulent kinetic energy (k) and the turbulent kinetic energy dissipation rate (ε) are
expressed as follows:
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k
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where µt is the turbulent viscosity and Rε is the additional term in the ε equation that takes:

µt = ρCµ
k2

ε
f (αs, Ω,

k
ε
); (10)

Rε =
Cµρη3(1− η/η0)

1 + βη3
ε2

k
. (11)

where Cµ is 0.0845 derived by RNG theory, αs is a swirl constant depending on the strength
of swirling flows and is set to 0.07 for mildly swirling flows, Ω is a characteristic swirl
number evaluated within Fluent, β = 0.012, η0 = 4.38, η = Sk/ε, S is the total entropy. The
constants C1ε = 1.42 and C2ε = 1.68 are used by default.

2.2. Simulation Setup

The simulations of solid-liquid mixing in the stirred tank are conducted using the CFD
method. The 3D Eulerian–Eulerian multiphase model along with the RNG k–ε turbulence
model are used for simulating the granular flow and the turbulence effects. Moreover,
the moving reference frame (MRF) technique is employed in this work [48]. The com-
putational domain can be divided into stationary and moving zones, and the moving
zone is specified frame motion at a rotating speed. The near wall zones are modeled
by employing the enhanced wall function. The unstructured tetrahedral grids are used
throughout the computational domain, and the grid distribution in the stirred tank is
shown in Figure 2. The grid independence test is carried out by using three sets of
grids: 107,732 elements, 263,709 elements, 439,085 elements, 599,290 elements, 827,636 elements
and 1,179,019 elements, as shown in Figure 3. The deviation of the relative standard devia-
tion of particle concentration σ and the mean velocity in the computational domain between
599,290 and 1,179,019 cells are less than 1%. Thus, the grid of 599,290 elements is used
in the current simulations. The solid particles were initially patched in a defined region
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at the bottom of tank. The convergence criterion of all transport equations is specified as
the residual values below 0.0001. The calculated time step is set to 0.001 s and the maxi-
mum number of iterations to be performed per time step is 20. A typical simulation with
such grid resolution takes about 72 h real time with paralleling 32 Intel Xeon CPU cores
(2.3 GHz).
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To evaluate the homogeneity of solid particles distribution in the stirred tank, the
suspension quality is defined by the relative standard deviation of particle concentration σ
that can be expressed as [49]:

σ =

√√√√ 1
n

n

∑
i=1

(
αi − αavg

αavg

)2
(12)

where αavg is the averaged volume fraction of solid particles in the whole computational
domain, i denotes the discrete volume element, n is the total number of computational cells.
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Homogeneous suspension conditions can be achieved when σ < 0.2, while the incomplete
suspension is resulted at σ > 0.8. The mixing energy level (MEL) denotes the power
consumption per unit volume, which is calculated as:

MEL = P/v (13)

where v is the volume of working fluids, and P is the power consumption of agitator which
can be calculated by:

P = 2πNT/60 (14)

where N is the stirring speed, T is the torque of agitator.

2.3. Model Validation

To validate the accuracy of the current numerical model, we simulate the dispersions
and holdups of sand in the glycerite–sand system from the experiments of Wang et al. [30].
Figure 4 shows the comparison of numerical and experimental results for axial profiles
of the normalized solid volume fraction. The numerical results have showed a good
agreement with the experimental data. The slight deviations could root in the experimental
error of solid holdup which is basically generated from the fluctuation of the turbulent flow
and the sampling [30]. Therefore, the present liquid-solid multiphase model can predict
well the distribution of particles in the stirred tank.

Materials 2022, 15, x FOR PEER REVIEW 7 of 18 
 

 

 
Figure 3. Grid independence test; (a) Effect of the number of elements on the relative standard de-
viation of particle concentration; (b) Effect of the number of elements on the mean velocity of the 
computational domain. 

2.3. Model Validation 
To validate the accuracy of the current numerical model, we simulate the dispersions 

and holdups of sand in the glycerite–sand system from the experiments of Wang et al. 
[30]. Figure 4 shows the comparison of numerical and experimental results for axial pro-
files of the normalized solid volume fraction. The numerical results have showed a good 
agreement with the experimental data. The slight deviations could root in the experi-
mental error of solid holdup which is basically generated from the fluctuation of the tur-
bulent flow and the sampling [30]. Therefore, the present liquid-solid multiphase model 
can predict well the distribution of particles in the stirred tank. 

 
Figure 4. Comparison of numerical and experimental [30] results for axial profiles of the normalized 
solid volume fraction. 

3. Results and Discussion 
3.1. Flow Fields 

First, the flow fields of the two new rotor-stator agitators of CSRS and HCSRS with 
that of the conventional agitators of the A200 and Rushton are compared. Figure 5 shows 
the velocity vectors of solid particles for the four types of agitators, the color and arrows 
in the figures indicate the magnitude and direction of the velocity vector, respectively. For 
the CSRS agitator, as shown in Figure 5a, after the fluid is discharged through the blade 
tip, part of the fluid forms a squeeze flow in the gap between the stator and rotor and 
circulates inside the stator. Part of the fluid passes through the circular hole of the stator 
structure after being discharged by the paddle (see Figure 6a), then impacts the side wall 
of the stirred tank and is divided into two upward and downward streams. The upper 
stream forms a small annular flow and merges with the lower fluid and finally enters the 
stator under the agitator to form a complete circulation. It can be seen that the velocity 
distribution in the whole stirred tank is relatively homogeneous, and there is almost no 

Figure 4. Comparison of numerical and experimental [30] results for axial profiles of the normalized
solid volume fraction.

3. Results and Discussion
3.1. Flow Fields

First, the flow fields of the two new rotor-stator agitators of CSRS and HCSRS with
that of the conventional agitators of the A200 and Rushton are compared. Figure 5 shows
the velocity vectors of solid particles for the four types of agitators, the color and arrows in
the figures indicate the magnitude and direction of the velocity vector, respectively. For
the CSRS agitator, as shown in Figure 5a, after the fluid is discharged through the blade
tip, part of the fluid forms a squeeze flow in the gap between the stator and rotor and
circulates inside the stator. Part of the fluid passes through the circular hole of the stator
structure after being discharged by the paddle (see Figure 6a), then impacts the side wall
of the stirred tank and is divided into two upward and downward streams. The upper
stream forms a small annular flow and merges with the lower fluid and finally enters the
stator under the agitator to form a complete circulation. It can be seen that the velocity
distribution in the whole stirred tank is relatively homogeneous, and there is almost no
flow dead zone. For the HCSRS agitator, as described in Figure 5b, the fluid is discharged
obliquely downward after being discharged from the blade tip. After being blocked by the
wall surface, it forms a large circulation upward along the side wall of the stirred tank, and
then enters the stator through the circular holes on the side wall of the stator structure (see
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Figure 6b). A small part of the fluid forms an internal circulation above the rotor, and most
of the fluid flows to the rotor, forming a complete flow cycle. The velocity distribution in
the whole stirred tank is relatively homogeneous, but the flow at the bottom of the agitator
is weak. For the A200 agitator, as exhibited in Figure 5c, after the fluid is discharged from
the tip of the paddle, it will obliquely impact the side wall of the stirred tank and flow
upward along the side wall to form a circulation. It can be seen that the flow under the
agitator, near the stirring rod and above the stirred tank is very weak, and there are small
vortices near the wall surface above the stirred tank, which are not conducive to solid-liquid
mixing. For the Rushton agitator, as descripted in Figure 5d, the fluid is discharged from
the tip of the blade and impinges on the side wall of the stirred tank. It is divided into two
streams, one of which forms a large circulation above the agitator, and the other forms a
small circulation below the agitator along the wall surface. Similar to the A200 agitator,
the flow under the agitator, near the agitator bar and above the agitator tank is very weak,
and there are small vortices on the wall above the agitator tank. In addition, the low-speed
zone near the agitator shaft is wider, which is not conducive to solid-liquid mixing. In
conclusion, the HCSR agitator has a more homogeneous velocity distribution, which is
conducive to the homogeneous dispersion of particles in the melt.
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The stability of liquid surface is very important to the quality of composite materials
in the process of stirring preparation. Stable liquid surface can ensure that gas and other
contaminants cannot enter the melt from the liquid surface. Thus, the liquid level velocity
for the four types of agitators are investigated in this study, as shown in Figure 7. It can
be attained that the liquid level velocities obtained by the two new types of rotor-stator
agitators are far lower than that obtained by the two conventional agitators. Additionally,
the liquid level velocity obtained by the CSRS agitator is the minimum, while the liquid level
velocity obtained by the Rushton agitator is the maximum. Since the pressure distributions
outside the stator of the rotor-stator agitators are more uniform, and the specific pressure
distribution will be discussed later.
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3.2. Turbulent Energy Dissipation

Turbulent energy dissipation rate is an important parameter in particle dispersion
system, which determines the size distribution of bubbles, droplets and agglomerated
particles. Therefore, the turbulent energy dissipation distributions on the vertival center
plane and horizontal plane across the rotor at the stirring speed of 400 rpm for the four
types of agitators were explored, as shown in Figures 8 and 9. It can be found that, for
the two new types of rotor-stator agitators, the high turbulent energy dissipation areas are
mainly distributed in the gaps between the stator and rotor and the circular hole channels
on the stator. Moreover, the turbulent energy dissipation near the inner wall of the solid
connection part between the circular holes on the stator is the highest due to the strong
shear effect on the fluid between the high-speed rotating rotor and the stationary wall. For
the CSRS agitator, the turbulent energy dissipation in the area between the upper surface
of the rotor blade and the inner wall at the top of the stator is also very high. For the two
conventional agitators, the high turbulent energy dissipation area is located at the place
where the blade tips pass through, and the turbulent energy dissipation generated by A200
agitator is significantly higher than that generated by Rushton agitator. In a comprehensive
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comparison, the high turbulent energy dissipation areas generated by the two new types of
rotor-stator agitators are significantly more than those generated by the two conventional
agitators and the high turbulent energy dissipation areas generated by the CSRS agitator
distribute more widely.
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3.3. Pressure Fields

In order to better understand the reasons why different agitators produce different flow
patterns, the pressure fields of the four agitators are investigated, as shown in Figure 10.
For the CSRS agitator (see Figure 10a), the fluid follows the rotation of the rotor and passes
through the circular holes on the side wall of the stator under the action of centrifugal
force. Since the external fluid cannot enter the stator structure in time, a large negative
pressure is formed inside the stator structure. The fluid outside the stator enters the stator
from the opening below the stator under the pressure difference, which is also the reason
for the large upward speed near the middle and lower parts of the rotor. For the HCSRS
agitator (see Figure 10b), the fluid flows out from the opening below the stator as the
blade rotates. Since the external fluid cannot enter the stator structure in time, an obvious
negative pressure field appears in the area above the rotor near the mixing shaft. Therefore,
the fluid around the stator enters the stator through the circular holes on the stator side
wall under the pressure difference. For the A200 agitator and the Rushton agitator, as
exemplified in Figure 10c,d, the fluid is pushed to the side wall of the stirred tank under the
action of the rotor. The pressure distribution in the stirred tank is gradually increased from
the center of the stirred tank to the outside, which is detrimental to the liquid level stability.
The Rushton agitator has a stronger radial liquid discharge capacity, resulting in greater
pressure in the stirred tank. For CSRS agitator, there is an obvious pressure gradient inside
the stator, but the pressure distribution outside the stator is very uniform, which is very
conducive to obtaining a stable liquid level.
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3.4. Solid Particle Distribution

To compare the performances for the four types of agitators, the distribution of solid
volume fraction at the vertical and horizontal planes are exhibited in Figures 11 and 12.
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Additionally, the quantitative study on the axial distribution of solid volume fraction is
shown in Figure 8. The averaged solid volume fraction of the horizontal plane (αave-p) is
normalized by that of the whole stirred tank (αave). For the CSRS agitator, it can be seen that
the solid particles are evenly distributed throughout the stirred tank due to the relatively
homogeneous velocity distribution (as shown in Figure 11a), but the concentration of
particles increases slightly at the bottom of the stirred tank and the problem of particle
accumulation is more serious in the bottom central area (as shown in Figure 12a). For the
HCSRS agitator, the distribution of solid particles in the whole stirred tank is also basically
homogeneous (as shown in Figure 11b), except that the particles in the bottom central
area of the stirred tank are relatively sparse and the concentration of particles increases
slightly above the stirred tank. The closer the particles are to the wall, the higher the
concentration can be seen from the radial distribution (as shown in Figure 12b). For the A200
agitator, the distribution of particles in the stirred tank is not homogeneous, the particles
are heavily deposited at the bottom of the stirred tank due to the flow dead zone, and the
particles near the stirring shaft are extremely sparse due to the weak flow (as shown in
Figures 11c and 12c). For the Rushton agitator, the distribution of particles in the stirred
tank is very uneven, the particles accumulate slightly under the impeller blades, and the
particles near the stirring shaft and below the stirring shaft are extremely sparse (as shown
in Figure 11d). It can be seen from the radial distribution that particles can also accumulate
near the wall above the stirred tank (as shown in Figure 12d). In conclusion, the use
of two rotor-stator agitators can significantly improve the homogeneity of solid particle
distribution in the stirred tank compared with the conventional agitators of A200 and
Rushton agitators. Similar conclusions can also be obtained by quantitative analysis of the
axial distribution of solid particles, as exhibited in Figure 13.
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planes (αave-p) for the four types of agitators at the stirring speed of 400 rpm.

3.5. Effect of Stirring Speed

It is known that stirring speed has a great influence on the homogeneity of solid-liquid
mixing. Figure 14 compares the relative standard deviation of particle concentration of
four agitators at different stirring speeds. It can be found that the minimum σ achieved
by the two rotor-stator agitators of CSRS and HCSRS are much lower than that of the
two conventional agitators of A200 and Rushton. The CSRS agitator yielded the best
solid-liquid mixing homogeneity, while the Rushton agitator yielded the worst. For all
agitators, the influence of stirring speed on the homogeneity of solid-liquid mixing shows a
rule of first promoting and then suppressing. However, for the two conventional agitators,
after achieving the best mixing homogeneity, increasing the stirring speed will worsen
the mixing homogeneity significantly. For the two rotor-stator agitators, after achieving
the best mixing homogeneity, increasing the stirring speed has little effect on the mixing
homogeneity, especially for the CSRS agitator. It is very important for the dispersion of
agglomerated particles and the grain refinement to enhance the shearing effect by increasing
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the stirring speed, while ensuring a good homogeneity of solid-liquid mixing in the stirring
casting process.
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Figure 14. Effect of stirring speed on the relative standard deviation of particle concentration for the
four types of agitators.

3.6. Evaluation of Power Consumption and Surface Stability

In order to evaluate the performances of the two rotor-stator agitators in solid-liquid
mixing operation, the solid-liquid mixing homogeneity verse the power consumption
for the four agitators was investigated, as shown in Figure 15. It can be found that the
power consumption required by the conventional agitators to achieve the minimum σ are
much lower than that of the two rotor-stator agitators, because the addition of the stator
structure increases the flow resistance, which in turn significantly increases the power
consumption required to achieve the same speed. At low power consumption, the two new
agitators could not perform very well and the resulting homogeneity of solid-liquid mixing
is inferior to that of the two conventional agitators. When the optimum solid-liquid mixing
homogeneity is achieved in both conventional agitators, increasing power consumption
will worsen the homogeneity significantly, while the two new agitators will continue to
optimize the mixing homogeneity, even when the optimum mixing homogeneity is reached,
the influence of increasing power consumption on the mixing homogeneity is very small. In
addition, at the same power consumption, the homogeneity of solid-liquid mixing obtained
by A200 is always lower than that of Rushton.
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The liquid level velocities corresponding to the four types of agitators when reaching
the minimum standard deviation of particle concentration are evaluated in Figure 16. The
two rotor-stator agitators can not only obtain better mixing homogeneity due to the more
homogeneous velocity distributions in the whole stirring tanks, but also gain lower liquid
level velocities due to the more uniform pressure distributions outside the stators. Among
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them, the liquid level stability of the CSRS agitator is much better than that of the other
three agitators.
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4. Conclusions

The performances of the two rotor-stator agitators (CSRS and HCSRS) for solid-liquid
mixing operations in the stirred tank comparing with that of the conventional agitators
of A200 and Rushton were investigated using the CFD modeling to improve the mixing
homogeneity and liquid level stability.

The minimum σ achieved by the two rotor-stator agitators were much lower than
that achieved by the two conventional agitators. The CSRS agitator yielded the best solid-
liquid mixing homogeneity due to the relatively homogeneous velocity distribution in the
whole stirred tank. For all agitators, the influence of stirring speed on the homogeneity
of solid-liquid mixing showed a rule of first promoting and then suppressing. When the
optimum solid-liquid mixing homogeneity was achieved in both conventional agitators,
increasing stirring speed would worsen the homogeneity significantly, while the two rotor-
stator agitators still achieving good mixing homogeneity under high shear conditions. In
addition, the high turbulent energy dissipation areas generated by the CSRS agitator were
the most widely distributed, which was very advantageous to particle dispersion and grain
refinement during the preparation of composite materials.

The liquid level velocities corresponding to the minimum standard deviation of
particle concentration obtained by the two rotor-stator agitators were also far less
than that obtained by the two conventional agitators. The specific numerical order
is: CSRS < HCSRS < A200 < Rushton. The above findings are of great significance for
promoting the solid-liquid mixing homogeneity, enhancing the shear effect on the agglom-
erated particles and melt and stabilizing the liquid surface, thereby improving the quality
of the composite materials.
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Abstract: This paper describes the influence of the transannular π–π interaction in controlling
the carrier transport in molecular wires by employing the STM break junction technique. Five
pentaphenylene-based molecular wires that contained [2.2]paracyclophane-1,9-dienes (PCD) as the
building block were prepared as model compounds. Functional substituents with different electronic
properties, ranging from strong acceptors to strong donors, were attached to the top parallel aromatic
ring and used as a gate. It was found that the carrier transport features of these molecular wires,
such as single-molecule conductance and a charge-tunneling barrier, can be systematically controlled
through the transannular π–π interaction.

Keywords: charge-transfer; molecular electronics; transannular π–π interaction; [2.2]paracyclophane-
1,9-dienes (PCD)

1. Introduction

Single-molecule electronics (SME) is the study of electrical procedures measured
or controlled on a molecular scale. Charge-transport property regulation is one of the
main challenges in the field of molecular electronics, and molecular-scale tuning is the
most effective way to address this. Therefore, controlling the charge transport through
single-molecule wires is very important for both the understanding of mechanisms and
for practical single-molecule applications [1–4]. It is well-known that both electronic
and geometric changes could result in a considerable effect on electric conductance of
symmetric single-molecule wire, and the molecule rectification effect of asymmetric single-
molecule wire could be rendered by dipole [5–7]. Although there are some publications
concerning both experimental measurements [8–10] and theoretical calculations [11–15] on
charge-transport properties, regulating the transport of the charge in a controllable manner
(e.g., de/protonation, photon absorption, isomerization, oxidation/reduction) with single
molecules is still a challenging subject [16–20].

Cyclophane chemistry has attracted much interest over the last 5 decades due to its
unique geometric structure and electronic properties. It has been widely used in various
aspects, such as molecular self-assembly [21,22], molecular recognition [23], and optoelec-
tronic polymers [24]. One of the most widely investigated molecules is [2.2]paracyclophane-
1,9-dienes (PCD), which was first reported by Cram in 1958 [25], where the two double-bond
bridges between the two aromatic rings of the PCD molecule greatly shorten the transannu-
lar π–π distance and strengthen the intramolecular π–π interaction of the two aromatic
rings, in contrast with the saturated bridges of [2.2]paracyclophanes [26,27]. The strong
transannular π–π interaction also leads to a distorted π-electron system and a highly
strained molecular structure, which is of importance as PCD molecules can be ring-opened
by ring-opening metathesis polymerization to produce poly(1,4-phenylenevinylenes)-based
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conjugated polymers for the fabrication of functional devices [24,28,29]. Recently, the
through-space charge-transfer property of dioctyloxy diperfluorohexyl-substituted PCD
molecules was investigated by Yu et al., which also implies the importance of the transan-
nular π–π interaction in regulating the electronic property of PCD molecules [30].

However, aromatic π–π interaction, which is a noncovalent interaction, has been
rarely used as a tuning factor to control the charge-transport process in molecular elec-
tronics [31–33]. In this paper, we have designed and prepared five single-molecule wires
bearing a PCD building motif (see our detailed synthesis of ESI†), and we investigated their
molecular electronic properties using the STM-BJ technique. Figure 1 shows the designed
structure of these molecular wires, where the top parallel aromatic ring is attached to
the conjugated pentaphenylene part by two vinyl groups. Both the π-orbital of the top
phenyl ring and the vinyl groups are orthogonal to the charge-transport direction along the
molecular wire (Figure 1). This structural design allowed us to adjust the electronic inter-
action between the parallel aromatic ring and the charge-transport channel (pentaphenyl
backbone) by adjusting the electronic properties of different functional substituents (R
groups) on the top aromatic ring. The top parallel aromatic system can act as a simulated
chemical gate to control the conductance of the single-molecule wire, the energy level of
the orbit, and the tunneling barrier of the charge from the molecular wires.
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Figure 1. Chemical structure of the PCD molecular wires.

2. Materials and Methods
2.1. Materials

The commercially available chemicals were bought from TCI, except for the tetrakis
(triphenylphosphine) palladium, which was purchased from Aldrich. Toluene and tetrahy-
drofuran (THF) were dried over sodium/benzophenone and freshly distilled prior to use.
Other reagents were used without further purification. Compounds 6a, 6b, 6c, 6d, 6e, and 7
(Figure S1, ESI†) were prepared according to the standard methods in the literature [34].

2.2. Characterizations

A KSV (Helsinki, Finland) CAM 200 contact angle device was selected to detect the
contact angle. An Escalab-250Xi (Thermo-Fisher, Waltham, MA, USA) containing monochro-
matic Al Kα as a radiation source was used to study the X-ray photoelectron spectroscopy
(XPS). 1H nuclear magnetic resonance (1H NMR) spectra were recorded on a Bruker AV400
spectrometer (Billerica, MA, USA). Matrix-assisted laser desorption/ionization with time-
of-flight (MALDI-TOF) mass spectrometry was carried out on a Bruker Ultraflextreme
MALDI-TOF/TOF spectrometer using a matrix of dithranol.

2.3. Fabrication of Self-Assembled Monolayers (SAMs)

First, a propane flame was used to anneal the chosen substrate, and then the SAMs
of the isolated molecules were fabricated according to a previous publication. Briefly,
tetrabutylammonium fluoride (TBAF) was used as the deprotecting agent with a tetrahy-
drofuran (THF) solution containing ca. 1 × 10−4 M of the target molecule. After 4 h of
immersion in PCD solution, the gold substrate was then washed with THF and ethanol,
dried with N2, and used immediately.
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2.4. Single-Molecule Junctions by Break Junction (STM-BJ)

Briefly, a 0.25 mm gold wire was prepared as the gold tip by mechanical cutting. All
the experiments were conducted in degassed mesitylene in order to decrease the chance of
surface contamination. After that, the STM Teflon solvent holder was sonicated in acetone
and dried under N2. Then, the solvent holder was placed over the gold–SAM surface, and
the designated amount of toluene was added during the measurement. It is estimated that
about ~2000 current-distance traces are required in a typical BJ experiment.

2.5. I-V Recording of Single-Molecule Junctions

The I-V recording experiments were conducted at 100 mV bias voltage in toluene.
There are three steps, include tapping, conductance step detection, and I-V recording. For
the tapping step, when the current increases to a predefined value, the tip will move to
the substrate, and then it will retract until reaching a lower, pre-set current. During each
retraction, the conductance step detection was applied, and we selected the measured
conductance range according to a previously measured conductance histogram. The I-V
recording step was performed immediately upon the application of the conductance step,
and the whole procure included three sub-steps. The first was the immediate holding in
position of the tip. The second was the quick (10 Hz) current–voltage curve recording
(from +1.5 V to −1.5 V (or +1.8 V to −1.8 V)). The last sub-step occurred when the I-V
curve detection was completed; the tip would be removed from the substrate once the
current decreased to a pre-set value, and the test was started again. For the data selection,
I-V curves that were incomplete or contained large switching noises were detected and
removed from the statistical analysis. This procedure allowed us to obtain complete I-V
curves for statistical analysis.

Energy offsets ϕ0 and the voltage division factor γ of the molecular junctions were
calculated, following the work by Baldea, with the Equation [35]:

ϕ0 = eVt,a =
2e
∣∣Vt,nVt,p

∣∣
√

Vt,p
2 + 10Vt,pVt,n/3 + Vt,n2

(1)

γ = −
(

ϕ0/Vt,p + ϕ0/Vt,n
)
/4 (2)

3. Results
3.1. Synthesis and Characterization of PCD-Based Molecular Wires

The synthetic routes for the PCD-based molecular wires with different substituents
are shown in the Supporting Materials in detail (Figure S1, ESI†). First, [3.3]dithiacyclo-
phanes intermediates (compounds 8a–e) were prepared through the cyclization reaction
of benzylic dithiols (compounds 6a-e) and benzylic dithiol (compound 7) in a dilute solu-
tion. Then, Stevens rearrangement, oxidation, and pyrolysis treatments led to dibromo-
[2.2]paracyclophane-1,9-diene (compounds 9a–e) in a yield of ~15% after flash column
chromatography purification. A Suzuki coupling reaction between B-pinacol (Bpin) func-
tionalized biphenyl compounds (compound 5) and dibromo-[2.2]paracyclophane-1,9-diene
(compounds 9a–e) furnished the target PCD-based molecular wires (compounds 10a–e).
The top parallel phenyl rings were substituted with several groups possessing different
electronic demands, which may play a significant role in controlling the transannular π–π
interaction between the two parallel aromatic systems to adjust the charge transport of
the molecular junction. More specifically, substituents -CF3, -Cl, -H, -CH3, and -OCH3
were immobilized on the top phenyl ring, ranging from a strong electron acceptor to a
strong electron donor. For the convenience of discussion, the molecular wires have been
named “PCD-X”, where X represents the substituent group. Detailed characterizations
of the intermediate products and the final PCD-X molecular wires were carried out by
combining 1H-NMR (Figures S2–S4 ESI†), MALDI-TOF-MS (Figures S5–S9 ESI†), and
UV–Vis spectroscopy (Figure S10 ESI†).
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In principle, two isomers of dibromo-[3.3]dithiacyclophanes (compounds 8a–e) in-
termediates are expected as products during the cyclization process, namely, pseudo-
gemini (eclipsed conformation of substituents on the aromatic rings) and pseudo-ortho
isomers. However, only one of the possible isomers was recognized on the TLC plate
and successfully purified as the main product after column chromatography, with an
overall yield of around 40–50%. The clear 1H-NMR spectra for all five of the dibromo-
[3.3]dithiacyclophanes (Figure S2 ESI†) and the corresponding dibromo-[2.2]para cyclophane-
1,9-dienes (Figure S3 ESI†) also supported the finding that only one isomer was obtained.

To unambiguously verify the atom configuration of the prepared isomer, the crys-
tal structures of dichloro-dibromo-[2.2]paracyclophane-1,9-diene (compound 9b) were
investigated, and the crystallographic data can be found in ESI†. Single crystals were
grown through the slow diffusion of MeOH into the concentrated CH2Cl2 solutions of
both compounds. The X-ray crystal structure (Figure S11 ESI†) of compound 9b clearly
confirmed the pseudo-ortho isomer configuration. The selectivity for this specific isomer
during the cyclization process appears to be determined by the steric influence between the
bulky bromine atoms and the functional groups (CF3, Cl, CH3, and OCH3), which excludes
the influence of isomerization on the electronic property of the prepared molecular wires.
In addition, two phenyl groups in cyclophane are closely stacked with a short distance
of 2.97 Å; therefore, the π electron clouds of the phenyl rings can strongly overlap, and
electronic tuning can be performed more effectively. UV–Vis measurement showed that
the absorption edges for the PCD-Cl, PCD-H, PCD-CH3, and PCD-OCH3 molecular wires
were around ~350 nm, while a 20 nm red shift was observed for PCD-CF3, which is strong
evidence that the R group on the top phenyl ring can successfully affect the pentaphenylene
backbone via the effective π–π overlap. The trend agrees well with the DFT calculation
results (Table S1 ESI†).

3.2. Self-Assembled Monolayer Films on Gold

Self-assembled monolayer (SAM) films were fabricated on a gold surface, with the
reaction of the thiol–gold used to test the conductance of the single molecules, and the
molecular junction was based on the reaction of two molecules’ terminal thiol groups
with two gold electrodes. Successful immobilization of the molecular wires onto the gold
substrates was confirmed by combining contact angle and XPS measurements of the SAMs
(Figure 2). Namely, the contact angles (Figure 2a) for the SAMs were found to be 10~15◦

smaller than that of bare gold, and the similar contact angles observed for all the SAMs
indicated that the outermost thiol group dominated the wetting property of the SAM. XPS
characterization (Figure 2b) of PCD-H SAM showed that the C/S ratio was 43/2, consistent
with the theoretical ratio of 40/2, quantitatively verifying the successful immobilization of
PCD molecular wires on the gold surfaces.
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The STM-based break junction technique was used to measure the single-molecule
conductance [36,37]. With the help of repeatedly forming and breaking the gold point
contacts, single-molecule junctions were established at a small bias voltage of 100 mV.
The LabVIEW program was utilized to record the conductance traces of the substituted
molecules, and Figure 3a exhibits the typical conductance–distance curves of the five PCD
molecular junctions. The constant conductance plateaus were between 10−6~10−4 G0 in
these stretching traces, which is consistent with the first signature in a single-molecule junc-
tion. (G0 is the quantum of conductance 2 e2/h, e is the electron charge, and h is the Planck
constant). The plateau length is commonly around 0.5–1.0 nm, and the conductance fluctua-
tion below 10−6 G0 may be caused by the noise floor. Figure 3b describes the corresponding
conductance histograms calculated from ~400 effective conductance decay curves, which
show unambiguous peaks for all of the molecules measured. In addition, the conductance
values for the junction were determined by fitting the peak of the Gaussian curve. More
specifically, the single-molecule conductance values of the molecular wires PCD-CF3, PCD-
Cl, PCD-H, PCD-CH3, and PCD-OCH3 were 5.8 × 10−6 G0, 8.2 × 10−6 G0, 2.5 × 10−5 G0,
3.2 × 10−5 G0, and 8.1 × 10−5 G0, respectively. The conductance systematically changed as
the substituent varied from strong acceptor (CF3) to strong donor (OCH3).
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molecular wires, where the solid lines represent the Gaussian fitting curves.

Keeping in mind that bias voltage range plays an important role in the charge transport
of the single-molecule junction, thousands of current–voltage (I-V) curves were recorded
for each sample. Thus, the corresponding transition voltage spectroscopy (TVS) results can
be obtained. The incomplete and switching I-V curves resulting from the breakdown and
instability of the molecular junctions were automatically detected but did not appear in the
I-V histogram. The I-V and G-V histograms of the five substituted molecules are presented
in the supporting information (Figure S12 ESI†). The so-called Fowler–Nordheim (FN)
single-molecule TVS plot was obtained by transforming each I–V curve into an ln(I/V2)
versus 1/V curve [38–41]. The transition voltage Vt minimum value was compatible with
that of the FN plot, and the transition voltage of 1D TVS histograms could be created from
these minimum values.

Figure 4a–e shows the 1D transition voltage histograms of the five PCD molecules,
which present two distinguishing characteristics. One is that all of the histograms are
asymmetric, which was previously reported by Kushmerick and Tao [36,37]. The other one
is that the absolute values of the experimental positive and negative transition voltages
(Vt,p and Vt,n) decreased from 1.4 V to 0.9 V and from 1.6 V to 1.3 V when the substituent
is altered from PCD-CF3 to PCD-OCH3, and this could be explained as the contact of
symmetry molecule and metal-molecule. In addition, the asymmetry could also be caused
by the solvent polarity [42].
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Considering that the offset energy (ϕ0) between the electrodes’ Fermi level and molec-
ular orbitals are seriously affected by the applied bias V, ϕ0 ≡ ϕ0(V)|V = 0 → ϕ0(V),
voltage division factor γwas used to offset the effect, where ϕ0(V) = ϕ0 + γeV [13,30], In
particular, the experimentally measured transition voltages Vt,p and Vt,n for bias polarities
could be utilized to evaluate the corresponding ambipolar transition voltage (Vt,a = ϕ0/e);
the correct energy offset ϕ0 and the voltage division factor γ based on the equations were
established by Baldea (Equations (S1) and (S2) ESI†) [41,42]. The calculated Vt,a and γ are
summarized in Figure 4f and Figure S13 and in Table S1. As shown in Figure 4f, the Vt,a
value decreases from 1.3 V to 0.9 V as the substituents change from electron-withdrawing
group -CF3 to electron-donating group -OCH3. In addition, the tunneling barrier heights of
the PCD molecules with diverse groups (-CF3, -Cl, -H, -CH3, and -OCH3) were deduced as
being around 1.28 eV, 1.21 eV, 1.15 eV, 1.01 eV, and 0.91 eV, respectively. We can thus con-
clude that the transition voltage and the corresponding charge-tunneling barrier increase
with substituent varying from electron donor to electron acceptor. Finally, we calculated
the voltage division factor γ, and the values ranged from 0.03~0.06 (Figure S12 ESI†), which
confirms a slightly larger potential drop at the soft contact (e.g., the STM tip).

All of the results discussed above indicate that the top parallel phenyl ring can modu-
late the molecular conductance and the charge-tunneling barrier of the pentaphenylene
conducting channel through the transannular π–π interaction. DFT calculations based on
the RB3LYP method, with basis set of 6-31G*, were carried out to obtain insight into the
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energy-level alignment of these PCD molecular wires. Figure 5a shows that the HOMO
starts to shift from the pentaphenylene backbone to the top parallel benzene ring as the
substituent varies from electron acceptor -CF3 to electron donor -OCH3, while the LUMO
simultaneously extends to the pentaphenylene backbone. Figure 5b shows that both the
HOMO and LUMO energy levels of the molecular wire decrease when the substituent on
the top parallel phenyl ring varies from strong donor to strong acceptor. Since the backbone
of the molecule is a p-type semiconductor, the hole transport is much easier with the HOMO
molecule, which thus benefits the single-molecule conductance of electron-donating groups
on the top parallel phenyl [43]. Figure 5c proves how the tunneling barrier ϕ0 changes with
the HOMO energy level of the PCD-based molecular wires. It is clear that the ϕ0 decreases
as the HOMO energy level increases, indicating that the charge-transport mechanism in
these PCD molecular wires is indeed through hole transport and can be regulated by the
intramolecular π–π interaction.
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substituent varies from electron acceptor -CF3 to electron donor -OCH3, while the LUMO 
simultaneously extends to the pentaphenylene backbone. Figure 5b shows that both the 
HOMO and LUMO energy levels of the molecular wire decrease when the substituent on 
the top parallel phenyl ring varies from strong donor to strong acceptor. Since the back-
bone of the molecule is a p-type semiconductor, the hole transport is much easier with the 
HOMO molecule, which thus benefits the single-molecule conductance of electron-donat-
ing groups on the top parallel phenyl [43]. Figure 5c proves how the tunneling barrier φ0 
changes with the HOMO energy level of the PCD-based molecular wires. It is clear that 
the φ0 decreases as the HOMO energy level increases, indicating that the charge-transport 
mechanism in these PCD molecular wires is indeed through hole transport and can be 
regulated by the intramolecular π–π interaction. 

 
Figure 5. (a) Molecular orbital diagrams of PCD molecules, (b) Calculated HOMO and LUMO en-
ergy levels of these PCD molecules, (c) Plot of tunneling barriers (Vt,a) vs. HOMO energy level, 
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4. Conclusions 
In summary, we have successfully prepared a series of molecular wires that demon-

strated how the intramolecular transannular π–π interaction affects the charge-transport 
property in molecular wires. Both the single-molecule conductance and current–voltage 
characteristics can be systematically tuned through the transannular π–π interaction. 
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Figure 5. (a) Molecular orbital diagrams of PCD molecules, (b) Calculated HOMO and LUMO energy
levels of these PCD molecules, (c) Plot of tunneling barriers (Vt,a) vs. HOMO energy level, where
ϕ0 = eVt,a.

4. Conclusions

In summary, we have successfully prepared a series of molecular wires that demon-
strated how the intramolecular transannular π–π interaction affects the charge-transport
property in molecular wires. Both the single-molecule conductance and current–voltage
characteristics can be systematically tuned through the transannular π–π interaction. Tran-
sition voltage spectroscopy measurement and DFT calculation suggest that the effect is
manifested via tuning the HOMO energy level and orbital spatial distribution of these
PCD molecules.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15217801/s1: Figure S1: Synthetic route of the molecular
wires; Figure S2: 1H-NMR spectra of compounds 8a–8e; Figure S3: 1H-NMR spectra of compounds
9a–9e; Figure S4: 1H-NMR spectra of compounds 10a–10e; Figure S5: MALDI-TOF-MS spectrum of
compound 10a; Figure S6: MALDI-TOF-MS spectrum of compound 10b; Figure S7: MALDI-TOF-MS
spectrum of compound 10c; Figure S8: MALDI-TOF-MS spectrum of compound 10d; Figure S9:
MALDI-TOF-MS spectrum of compound 10e; Figure S10: UV–Vis spectra of the intermediate and
final molecular wires in deuterated chloroform; Figure S11: Single-crystal structure of paracyclophane-
1,9-dienes; Figure S12: (a) Current–voltage 2D histograms, (b) conductance–voltage 2D histograms,
(c) transition voltage 2D histograms, and (d) transition voltage 1D histograms of the five molecular
wires; Figure S13: Calculated voltage division factor (γ) for the five PCD molecular wires; Table S1:
Experimental and DFT calculation results for PCD molecular wires and calculated values of ϕ0 and
γ, based on Equations (1) and (2) as developed by Baldea.
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Nanotechnology has witnessed an incredible resonance and a substantial number of
new applications in various areas during the past three decades [1]. The resulting basic
paradigm shifts have opened up new possibilities towards materials science, and have
caused dramatic developments. Basically, nanotechnology necessarily relies on the presence
or supply of novel nanomaterials that form the prerequisite for any ongoing progress in
this interdisciplinary area of technology and science [2]. Among other nanomaterials, in
the quest for eliminating the inherent shortcomings of pristine polymers, polymer matrix
nanomaterials are fabricated through the introduction of nanomaterials with uniform
distribution in pure polymer matrices [3,4].

Polymer matrix nanomaterial is, thereby, an active coupling of nanomaterials (other
fillers may also be present) and polymers, where at least one phase is preserved in the nano-
sized regime (within 100 nm) in the resultant materials. As the existence of nanomaterials
in the polymer matrix features particular properties that are characteristic of this kind of
material, and that are correlative with surface and quantum effects, it may intrinsically
develop a fresh set of properties hinging on the nanomaterials utilized. Additionally, nano-
materials supply a significant number of interfacial areas within the matrix and accordingly
at sufficiently low concentrations improve the material properties, which implies lowering
the product gross weight further. Therefore, the union of nanotechnology and nanoscience
with polymer technology and science has accelerated multifaceted application-oriented
uses for polymer matrix nanomaterials. Numerous studies have revealed that the conduc-
tivity, mechanical, magnetic, optical, dielectric, electronic and biological characteristics
of several inorganic nanomaterials dramatically change as their sizes reduce from the
macroscale to the micro and nano scale. In the field of polymer matrix nanomaterials,
researchers and experts have been focusing on the reinforced characteristics (mechanical
strength, impact resistance, conductivity, biodegradability) and many diverse function-
alities (self-healing, anti-fouling, electro-optical properties, flame resistance, controlled
substance release, energy absorption applications and others) that afford them with certain
properties, performance, or applications of considerable industrial interest. Therefore,
polymer matrix nanomaterials have engraved an inimitable role in the niche of advanced
materials and technologies. A genius multidisciplinary cooperation of material science with
physics, biology, chemistry, nanotechnology, engineering, and medical science is inevitable
for the actual exploration of such a new class of materials. In this regard, the development
of modulated polymer systems will enable us to tackle technical and scientific challenges at
the same time as satisfying the globally increasing demand.

The current Special Issue entitled “Advanced Science and Technology of Polymer
Matrix Nanomaterials” is engaged in uniting researchers and scientists working at research
institutes, laboratories, universities and industries to discuss cutting-edge developments
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and research on processing new polymer matrix nanomaterials in which nanoscale particle
materials, including graphene, single-walled and multiwalled carbon nanotubes, inor-
ganic layered clay, metal and metal oxide nanoparticles, MXene and others, have been
introduced [5–8]. The subjects of this issue aim to uncover the potential improvements
in the synthesis, properties and performance of polymer matrix nanomaterials regarding
new preparation techniques, sensing, electromagnetic interference shielding, self-healing,
microwave absorption, switching, structural modulation, mechanical reinforcement, drug
delivery and other biomedical applications etc. [9–16].

As Guest Editors, it is our honor to invite contributions in the form of original research
articles or reviews about this subject.
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